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FOREWORD 


With the rapid maturity of reactor technology and its growing application 
to industrial power reactors, there has developed an urgent need for a com- 
prehensive and critical compilation of nuclear engineering data. At the re- 
quest of Dr. L. R. Hafstad, Director of Reactor Development, and in accord 
with an over-all program for the organization and consolidation of AEC- 
developed technical information, the Commission’s Technical Information 
Service has issued this Reactor Handbook for convenient reference use by 
scientists and engineers engaged on AEC reactor projects. 

The material presented in this first edition of the Handbook represents 
the efforts of specialists in the various areas of reactor science and tech- 
nology, and summarizes the accomplishments of the Commission’s nuclear 
reactor program to date. Future editions are planned as continuing advances 
in this field may require. 

The Commission extends its appreciation to all participants in the Re- 
actor Program for the time and effort expended in the completion of this 
Handbook. 


Lewis L. Strauss 
Chairman 
United States Atomic Energy Commission 
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REVIEW BOARD PREFACE 


The Review Board was appointed by the Director of the Reactor Devel- 
opment Division in December of 1951. The Board found itself in agreement 
with the objective of preparing a reactor handbook at an early date, although 
it was recognized that this placed the effort under a considerable handicap as 
did the necessity of combining the efforts of numerous author groups. 

The Board instituted a mechanism for review of the material as pre- 
pared by the author groups. In the work of review the members of the Board 
called upon many individuals in the various Laboratories for critical com- 
ments. Without this assistance the review could not have been performed in 
the two or three weeks usually available, and the members of the Board ex- 
press their indebtedness and thanks to these reviewers. 

The general format of the Handbook received consideration and the re- 
sult is recognized as a compromise of what is most desirable in a handbook 
and what is practical under the present circumstances. 

The ultimate success of the Handbook will depend a great deal upon the 
refinements in subject matter and presentation which will come about in sub- 
sequent revisions. It is expected that such revisions will profit enormously 
from suggestions from the users of the Handbook. 

To the Editorial Coordinator, John F. Hogerton, to Donald F. Mastick 
who represented the Technical Information Service, and to William W. Gal- 
breath who served as secretary, the Board expresses its appreciation for a 
cordial working relationship. Above all, thanks are due to the various author 
groups who made the task of review easier by their patience in receiving 
criticism and suggestions. 


THE REVIEW BOARD 


Harvey Brooks Stephen Lawroski 
Paul F. Gast Miles C. Leverett 
John P. Howe W. H. Zinn, Chairman 
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EDITORIAL PREFACE 


The purpose of the Reactor Handbook isto provide a condensed source of 
reliable data and reference information for those working in the reactor field. 
Work on this first edition, jointly sponsored by the Division of Reactor Devel- 
opment and the Technical Information Service, started in January 1952, with 
a fifteen-month publishing target. The authors, most of whom had heavy proj- 
ect commitments, had one monthin which toplan their work, and three months 
to a-year in which to survey the field and prepare their compilation. Those 
preparing large sections were called upon to submit their material in parts 
and were allowed onthe average of one month for reworking a given part after 
review. The Review Board had the difficult task of reviewing the Handbook 
material in random increments, with two to three weeks in which to review a 
given increment. The schedule did not permit a second review following the 
author’s reworking. The editors had from one tothree weeks in which to pre- 
pare Handbook material for the publisher. To distribute the publisher’s load 
at Oak Ridge, parts of sections were put into the publishing machinery while 
other parts were still in preparation by the authors. 

To meet the schedule, it was necessary to make certain compromises 
which should be noted here: 


1. A somewhat arbitrary approach has necessarily been taken on the problem of 
coverage, not only with respect to the subjects treated but also the data presented on a 
given subject. Before using a particular section for the first time, the reader should 
consult the author’s preface which brings out any major limitations in the scope or 
treatment of the data presented. 

2. The policy was adopted early in the program not to attempt a detailed docu- 
mentation of the source of the data presented. Some specific references are given; 
however, source identification is restricted primarily to tables or figures which have 
been taken intact from project reports or the open literature. 

3. It has not been possible to achieve the consistency one would like in the use 
of units. In general, the metric system is used where the data are considered to be of 
interest primarily to ‘‘scientists,’’ and the English system is used where the data are 
considered to be of interest primarily to ‘‘engineers.’’ An attempt has been made to 
include conversion factors in the body of tables and charts, and in some cases data are 
expressed in dual units. 

4. To simplify page make-up and printing problems, the decision was made 
early in the program to eliminate the background grid from graphs. Data were to have 
been presented in tabular form in cases where it was considered important to retain 
accurate values. In actual practice some graphs have been reproduced with grid and it 
is felt that this practice can and should be extended in the next edition of the Handbook. 

In the present edition of the Handbook, each volume is indexed sepa- 
rately. The organization is the same throughout. Sections are numbered 
consecutively within a volume; chapters consecutively within a section; and 
figures, tables, and formulae consecutively within a chapter. 
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EDITORIAL PREFACE 


The first edition combines elements of a “Handbook of Chemistry and 
Physics,” a Marks’ “Mechanical Engineer’s Handbook,” a Mellor’s “Treatise 
on Inorganic Chemistry,” and an industrial data book. This result is in some 
degree inherent in a work that cuts across a number of scientific and engi- 
neering disciplines; however, greater unity of presentation should be possi- 
ble in future editions. 

The editors are most appreciative of the attention their problems have 
received from the Review Board and the author groups, and from Alberto F. 
Thompson and Donald F. Mastick of the AEC staff. They are most apprecia- 
tive, also, of the cooperation of William W. Galbreath of ANL, W. H. Sullivan 
of ORNL and Dennis Puleston of BNL, who did much to advance the Handbook 
effort at their respective sites,and of R. L, Cummins, E.C. Schulte, and their 
publishing personnel in the Technical Information Service at Oak Ridge. 


John F. Hogerton and Robert C. Grass 
VITRO CORPORATION OF AMERICA 


A NOTE ON PREPARATION OF THE DECLASSIFIED EDITION 


This declassified edition of the Reactor Handbook has been issued not 
only as a convenience to workers in the reactor field but also to help acquaint 
science and industry generally with techniques, processes and equipment which 
may find wider application. 

In preparing the volumes of the declassified edition, deletions were made 
in the classified volumes according to security requirements. The remaining 
material was then assembled with the minimum editorial attention necessary 
for coherent presentation. Since this procedure has not, in general, provided 
for bringing the data up to date, users of these declassified volumes should 
consult section prefaces to determine how old the data is in each section. 
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AUTHORS’ PREFACE 


Considerable experience has been gained during the past ten years in the design and 
operation of reactors for service at slightly elevated temperatures. More recently many 
designs have been directed toward higher water temperatures. 

This section contains much information applicable to the engineering of high-tempera- 
ture reactors; in addition it contains pertinent engineering information on water-cooled 
reactors. Primary emphasis is placed on problems of heat transfer; conventional formulae 
and correlations for water, as well as discussions of two-phase flow, are presented ina 
form found useful by this author group. Discussions of the spatial distribution of heat 
generation are included (1) to characterize the power distribution found in these reactors, 
(2) to point out factors affecting the power distribution, (3) to present the usual methods 
used in computing distribution, and (4) to list design procedures followed to give optimum 
distributions. Methods of analyzing transient effects, both nuclear and thermodynamic, 
are included for simple cases. 

Problems of thermal stress, water decomposition, and corrosion are discussed; formu- 
lae and data useful in reactor design are given. Typical fuel-element designs and a method 
of calculating water activity are included. 

The author group recognized during the early stages of preparation that much of the 
available information was not readily amenable to a handbook style of presentation. In ad- 
dition, the difficulties of organizing the many variables in reactor engineering into a con- 
cise but comprehensive formulation made some departure from usual handbook style nec- 
essary. Consequently, much of the information is presented in the form of general dis- 
cussions or general design procedures, rather than as tabulated data or formulae. 

The cutoff date for completion of data in this Section was July 1952. In some instances, 
however, additional data through February 1953 were included. 


Individual chapters were prepared by and are the prime responsibility of the authors 
listed under each chapter heading. Over-all technical guidance was under the direction of 
A. Amorosi, J. R. Dietrich, H. Etherington, W. W. Galbreath, Jr., W. C. Gumprich, A. S. 
Jameson, and J. M. West. 

Many members of the Reactor Engineering Division and the staff of Argonne National 
Laboratory have contributed in the preparation of this section; their help is gratefully 
acknowledged. 

The help of the following people in obtaining and forwarding data on rather short notice 
or in reviewing the chapters aided greatly in the preparation of this section: W. L. Sibbitt, 
Purdue University, Chapter 1.3; H. S. Isben, University of Minnesota, Chapters 1.4 and 
1.5; S. Krasik, Westinghouse Atomic Power Division and Paul H. Reinker, General Elec- 
tric, Hanford Works, Chapter 1.6; D. J. DePaul, K. M. Goldman, A. Squire, and D. E. 
Thomas, Westinghouse Atomic Power Division, Chapter 1.11. 


For the Reactor Engineering Author Group 


H. Etherington* 
W. W. Galbreath, Jr.f 


*Present address, American Car & Foundry Industries, Inc., New York, N. Y. 
{Present address, Vitro Engineering Division, New York, N. Y. 
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CHAPTER 1.1 


General Reactor Characteristics 


H. Etherington 


Two general types of water-cooled reactors have been developed and are in operation or 
under construction: in the first, water is used as both coolant and moderator; in the sec- 
ond, water is used primarily as the coolant, and graphite serves as the moderator (Hanford 
production reactors). A distinction is made in the first type between lumped reactors, in 
which natural or slightly enriched uranium is placed on lattice points, and reactors (here 
called quasi-homogeneous reactors) in which the coolant-moderator is rather uniformly 
interdispersed between fuel elements. Other types of reactors operating with boiling or at 
supercritical temperatures and pressures are being studied, but insufficient information is 
available for comprehensive treatment. 

Both light and heavy water have good heat-transfer properties. The combination of high 
specific heat and good heat-transfer rates at design conditions make water a satisfactory 
heat-transfer media for thermal reactors. The specific heat of light water ranges from 
1.0 to about 1.2 Btu/(lb)(°F) from 32° to 500°F; the specific heat of heavy water is slightly 
higher (about 1 percent) over the range 50° to 120°F. Heat-transfer coefficients (h) up to 
10,000 Btu/(hr)(sq ft)(°F) are obtained with liquid water. Heat-transfer coefficients for 
heavy water calculated for the same mass velocity are about 10 percent higher. 

The choice between light water and heavy water as a coolant-moderator is based pri- 
marily on physics and economic considerations rather than on heat transfer. Both are ef- 
fective moderators. Light water is more effective in slowing down fast neutrons (i.e., it 
has a shorter slowing-down length), but it also has a much higher neutron absorption cross 
section. Heavy water is therefore more advantageous as a moderator where a very low 
thermal absorption cross section is of great importance, e.g., in natural-uranium reactors 
where neutron economy is important from the plutonium production standpoint (Savannah 
River Reactors) and in research reactors (CP-5) where it is desirable to produce a reac- 
tor of reasonably large size with very low critical mass to achieve a high ratio of thermal 
neutron flux to total power generation. Light-water moderation would be advantageous 
where very small reactors are desired or where there are strong limitations on the mass 
of water which may be contained in the reactor, e.g., water-cooled reactors which operate 
above the critical temperature. In general, if the application is one for which either light- 
water or heavy-water moderation is feasible, the superior nuclear performance of heavy 
water must be balanced against its higher cost. Clearly, the low absorption cross section 
of heavy water constitutes no particular advantage in reactors that contain high-cross- 
section materials, e.g., a highly enriched power reactor utilizing fuel elements clad with 
stainless steel. It has not been found possible to design light-water-moderated, natural- 
uranium reactors with sufficiently high reactivity to be of practical interest. In uranium- 
plutonium converter reactors, the choice between light- and heavy-water moderation de- 
pends upon an economic balance of the cost of enriching the uranium if light water is used 
vs the cost of heavy water, itself. 


WATER-COOLED SYSTEMS CHAP. 1.1 


A simple comparison of light water and heavy water as coolant-moderator is made in 
the following generalization in which an idealized core is assumed with a given -coolant- 
moderator /metal ratio utilizing the same constructional materials: Light water, by virtue 
of its large scattering cross section and relatively small leakage, reduces the amount of 
uranium necessary for criticality in small-radii, enriched reactors. This permits design- 
ing smaller reactors of the quasi-homogeneous type. On the other hand, as the size of the 
reactor is increased and the neutron leakage is correspondingly reduced, the critical mass 
of the D,O reactor becomes less than that of the H,O reactor. 

The general advantages of water-cooled reactors are: 

(1) The use of water as a moderator permits the use of non-moderating construction 
materials. 

(2) The non-combustibility of water reduces handling problems. 

(3) Water has good heat-transfer properties. 

(4) Light water is cheap and readily available. 

(5) Reactors moderated and cooled by heavy water have a negative temperature coeffi- 
cient. 

(6) Water -moderated reactors can be designed to have large negative temperature co- 
efficients. 

(7) Radiation damage to water is relatively unimportant. 

(8) Water presents no freezing problems at normal temperatures. 

(9) Water is relatively easy to pump. 

(10) Water offers some lubrication. 

(11) Water offers the possibility of direct steam-generation in a boiling reactor. 

(12) Water technology is generally well known. 

The general limitations for water reactors are: 

(1) Water corrodes uranium at low temperature and reacts vigorously with it at ele- 
vated temperature. 

(2) It is necessary to select materials that have adequate corrosion resistance at oper- 
ating temperatures. 

(3) Pressurizing is necessary if the liquid phase is required above 212°F, and the criti- 
cal temperature must not be exceeded. 

(4) The primary coolant circuit must be shielded to prevent activity produced by neu- 
tron reaction with oxygen. 

(5) Water may react with clad or constructional materials at very high temperatures. 

(6) The initial cost of heavy water and the economic necessity of reducing leakage and 
loss of heavy water to a minimum. 

The over-all reactor design is a balance between many factors, some of which are dis- 
cussed in the following chapters. Perhaps the most important, however, is the interrela- 
tion between good engineering design, the most advantageous utilization of fuel material, 
the cost and availability of fuel, and the cost of reprocessing spent fuel. Some of these fac- 
tors, such as data on the cost and availability of fuels, are not included because of the ob- 
vious relationship with production figures; no attempt has thus been made to integrate 
these various factors, It is apparent, however, that, over and above the particular design 
of the machine, good reactor design must consider the feed material available, the cost of 
preparing the fuel into suitable elements, the cost of construction and operation of the re- 
actor, the cost of reprocessing spent fuel, and the amount of strategic material held up 
during the various processes. A critical evaluation of the success of the operation and per- 
formance of a reactor must include the cost and supply of fuel material. 


CHAPTER 1.2 


Heat Dissipation and Thermal Cycles 


E. K. Falls 


Thermal energy generated in existing low-temperature water-cooled reactors, both pro- 
duction and research types, is dissipated to air or river water because the temperatures 
are too low for production of power. Reactors that heat the coolant to a temperature suffi- 
ciently above ambient temperature are able, if they can be operated in combination with ap- 
propriate thermodynamic cycles, to produce useful power. Although external heat dissipa- 
tion can be accomplished in various ways, the manner in which the primary coolant ab- 
sorbs the heat generated within the core is independent of the external systems. Accord- 
ingly, the probtem of removing heat from the core is considered separately from that of 
disposing of or using the thermal energy. The power cycle is considered as a special ap- 
plication of heat dissipation. 


HEAT REMOVAL FROM REACTOR 


From heat-transfer considerations only, several water-cooling methods are available 
for removing thermal energy from the heat-generation section (core) of reactors, namely, 
(1) by sensible heat gain, (2) by boiling, and (3) by supercritical evaporation. 


SENSIBLE HEAT GAIN 


This water-cooling method utilizes an increase in temperature of the liquid coolant to 
remove the thermal energy generated within the core. The maximum permissible tempera- 
ture of the water leaving the core is less than the saturation temperature corresponding to 
the absolute pressure of the primary-coolant system. Core cooling by sensible heat gain is 
a characteristic of the NRX, MTR, CP-3; STR, and Hanford water-cooled reactors. The 
method may utilize heavy or light water, forced or natural circulation, and atmospheric or 
pressurized systems. 


BOILING 


Compared with water-cooling by sensible heat gain, the two-phase boiling method offers, 
except in the region at and near the critical pressure, the advantages of higher heat-absorp- 
tion rates per unit mass of cooling water and a lower circulation rate. Either natural or 
forced convection appears feasible. The use of forced circulation will provide closer con- 
trol over the fluid-film temperature difference than can be obtained with natural convection 
but will of course require circulation pumps. 

Steam generated in the core is separated from liquid water in the space above the core 
and can be‘disposed of in several ways: (1) condensation in an upper section of the reactor 
pressure vessel by an evaporative type of heat exchanger (shielded from the core) which 
evaporates water in a secondary-coolant circuit; (2) condensation in an external condenser 
which thus eliminates the need for shielding; and (3) utilization in a steam turbine as the 
thermodynamic fluid. 


CHAP. 1.2 WATER-COOLED REACTORS 


SUPERCRITICAL PRESSURE 


Boiling-water reactors, owing to the large density changes accompanying evaporation, 
involve nuclear problems not encountered with reactors cooled by heating a liquid. To ob- 
viate these problems, reactors may be designed to operate at supercritical pressures and 
are therefore subject only to temperature changes of density. 


HEAT DISSIPATION 


ATMOSPHERIC OR LOW-PRESSURE SYSTEMS 


At installations where the water supply is of high purity, the coolant may be pumped di- 
rectly from the source, usually a river, through the reactor or heat exchanger, and dis- 
charged into the river downstream of the intake. Cooling water supplies that contain sus- 
pended solids can be clarified by the use of settling basins alone or in conjunction with co- 
agulants. If the activity of the effluent is above accepted tolerance levels, retention basins 
must be provided to permit radioactive decay. 

Elimination of all radioactive contamination from the effluent of a reactor installation 
requires an intermediate heat transfer; this can be accomplished in a closed-cycle primary 
system. Final dissipation of heat to the surroundings could then be accomplished with a 
water-to-air or water-to-water surface-type heat exchanger. Both heavy and light water 
reactor-coolants are used with this system. If it were not for losses by leakage followed 
by evaporation and release of radioactivity, a contact type of heat exchanger (such as a 
cooling tower) could be used to dissipate heat directly from the reactor coolant. 

Light water in a secondary-coolant system can be utilized to dissipate the thermal en- 
ergy (1) directly to the air by circulation through a cooling tower or (2) by an open cycle 
with no recirculation. 


PRESSURIZED SYSTEMS WITH STEAM GENERATION 


Regardless of the manner in which steam is generated when it is used in a turbine, a por- 
tion of the thermal energy of the steam is converted into mechanical energy in the turbine, 
and the remainder is rejected in the condenser and dissipated to the surroundings. Typical 
steam-generation installations are illustrated by the schematic line diagrams below. 

A two-fluid coolant system with forced circulation of liquid primary coolant is illustrated 
by Fig. 1.2.1. An external heat exchanger is used to partially evaporate the secondary 
coolant. Steam separation occurs in the steam drum. 

Two natural-circulation boiling-type reactors are illustrated by Fig. 1.2.2, which iad an 
external heat exchanger, and Fig. 1.2.3, which has an internal heat exchanger. The condens- 
ing coil of Fig. 1.2.3 must be shielded from neutron activity which originates in the core. 
Both installations use a steam drum for steam separation in the secondary system. 

Figure 1.2.4 illustrates a flooded-pressure-vessel, boiling, primary-coolant system with 
forced circulation and external steam space. The secondary-coolant system is similar to 
that of the two preceding illustrations. 

Elimination of the temperature difference between the primary and secondary coolants in 
the water-to-water heat exchanger represents a thermodynamic gain. This can be accom- 
plished by using the reactor coolant as the thermodynamic fluid. Dry steam (Fig. 1.2.5) is 
supplied directly to the turbine from the steam space of the reactor pressure vessel. The 
external part of the system is similar to typical steam plants except for problems of shield- 
ing and elimination of leakage. 


HEAT DISSIPATION AND THERMAL CYCLES CHAP. 1.2 
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Fig. 1.2.1— Forced Circulation of Liquid Primary Coolant External Heat Ex- 
changer. Submitted by Argonne National Laboratory, Dec. 15, 1952. 
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Fig. 1.2.2— Natural-circulation, Boiling, Primary Coolant with External 
Evaporative Condenser. Submitted by Argonne National Laboratory, Dec. 15, 
1952. 


WATER-COOLED REACTORS 
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Fig. 1.2.3—— Boiling Primary Coolant with Internal Evaporative Condenser. 
Submitted by Argonne National Laboratory, Dec. 15, 1952. 
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Fig. 1.2.4—— Forced-circulation, Mixed-flow, Reactor Cooling with External 


Separation of Primary Coolant and Separate Evaporative Condenser. Submitted 
by Argonne National Laboratory, Dec. 15, 1952. 
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HEAT DISSIPATION AND THERMAL CYCLES CHAP. 1.2 


TURBINE 


BOILER FEED PUMP 


Fig. 1.2.5—— Rankine Thermodynamic Cycle with Heat Exchanger Replaced by 
Reactor. Submitted by Argonne National Laboratory, Dec. 15, 1952. 


STEAM CYCLES 


Until the advent of regeneration and reheat practices, the Rankine cycle was considered 
the basic comparison for steam plants. This cycle consists of two isentropic work proc- 
esses and two constant-pressure heat processes. The first work process increases the 
pressure on the fluid to that of the steam generator. The second process, that of constant- 
pressure heat addition, includes the sensible heat gain of the liquid, the latent heat, and (if 
used) the superheat of the vapor. The third process, isentropic expansion converts the 
available thermal energy into external work. The last process, rejects the unavailable 
thermal energy at constant pressure to a condenser. A discussion of the individual proc- 
esses follows. 


COMPRESSION PROCESS 


The compression (pump) process increases the pressure on the liquid from atmospheric 
(or that pressure existing within the condenser) to the pressure within the steam generator. 
It may be accomplished in one step if feedwater is not heated, or in several steps as is 
common with the regenerative cycle. 

The work input of the pumping process is obtained from the gross work output of the ex- 
pansion process. 


HEAT-ADDITION PROCESS 


The heat-addition process of the several steam cycles includes the sensible heat gain of 
the liquid, evaporation of the liquid, and (if used) initial superheating of the steam. The 
sensible heat gain of the Rankine cycle process increases the liquid temperature to that of 
saturation; the thermal energy is supplied entirely by the heat source. 

The modern central-station steam plant operates (1) on a regenerative steam cycle if the 
steam pressure is moderate or (2) on a regenerative-reheat steam cycle if the pressure is 
high (this assumes that initial superheat alone is insufficient to prevent a low-quality steam 
at the last stage of the turbine). In practice, steam withdrawn from the turbine at predeter- 
mined pressures serves as the heat source for the feedwater heaters. 
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CHAP. 1.2 WATER-COOLED REACTORS 


EXPANSION PROCESS 


The conversion from thermal energy to external work occurs during the expansion proc- 
ess. (Of the gross output of the turbine or engine, a portion is required to operate the 
auxiliary equipment). A Rankine cycle expansion process expands all the steam supplied at 
the turbine throttle from boiler pressure down to condenser pressure. With regard to the 
regenerative cycle, at each stage of extraction a portion of the initial supply to the turbine 
is removed from the turbine. 

From practical considerations, the expansion process within the steam turbine is subject 
to limitations imposed upon the terminal state of the steam; the final temperature and 
pressure are established by the condenser, and the quality of the steam at the last row of tur- 
bine blades must be sufficiently high to prevent erosion of the blades; (a minimum of 86 
to 90 percent should be maintained). These two limitations fix the state of the steam at the 
last turbine stage. 

When initial superheating is used, it is not usually possible to maintain the minimum 
quality at the last turbine stage for straight-through expansion of steam initially at a high 
pressure. Proper operation is obtained, however, by removal of steam from the turbine at 
an intermediate pressure followed by drying and superheating (reheating) and reintroduc- 
tion into the expansion process. 


HEAT-REJECTION PROCESS 


Only a part of the thermal energy added to the water and steam is utilized in a steam 
cycle. The heat-rejection process discards the remainder from the system. If a closed 
cycle is used, the condenser serves this purpose and returns the fluid to its initial state. 

Condenser operation is a function primarily of coolant temperature and good design. In 
large condenser installations, the temperature of the cooling water may increase only 5° to 
15°F with a temperature difference of 10° to 20°F between the condensing steam and the exit 
cooling water. 


PLANT EFFICIENCIES 


Plant efficiencies based on the Rankine cycle will not be considered here as this cycle 
has been largely displaced by the more efficient regenerative cycle. The ideal regenera- 
tive cycle assumes an infinite number of feedwater heaters; without superheating of the 
steam, it has the same thermal efficiency as a Carnot cycle operating between the same 
temperature limits. Although in practice, a finite number of feedwater heaters plus super- 
heating is used, the ideal cycle serves as a basis for comparison. Efficiencies can be ob- 
tained from diagrams such as Fig. 1.2.6. Actual over-all plant efficiencies of representa- 
tive steam plants are considerably lower than those shown but reflect the inherently higher 
efficiency of the regenerative cycle. 

When the reactor and the cooling system of a nuclear-powered steam plant are consid- 
ered simply as a source of heat and no allowance is made for the power required to control 
and cool the reactor, the over-all efficiency is practically that of conventional plants that 
operate on the same steam cycle. Allowance for the pumping requirements, however, de- 
creases the over-all efficiency of the unit. Separate computation of the steam-plant effi- 
ciency permits the pumping-power requirements for one or more types of reactor and 
coolant system to be considered in combination with the steam plant. 

A typical study which illustrates the effects of steam pressure, steam temperature, and 
temperature rise of the coolant through the reactor is illustrated by Figs. 1.2.7 through 
1.2.10. Until the temperature rise drops to approximately 20°F, which corresponds to a 
relatively high circulation rate, the combined over-all efficiency of the reactor and steam 
plant is affected only slightly by changes of the coolant water differential temperature. 
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REACTOR APPLICATIONS 


The feasibility and efficiency of a nuclear power plant are limited by the available tem- 
perature extremes. The lower temperature limit is the surrounding environment or the 
temperature of the cooling water supplied to the condenser. The upper temperature limit 
is set by stability of fuel elements, cladding, coolant, and other design limitations. The 
over-all temperature difference is a summation of temperature differentials throughout the 
system as shown in Fig. 1.2.11. 

Inasmuch as a high over-all plant efficiency is desired, several conflicting factors must 
be compromised to obtain an optimum design: (1) a high differential temperature is de- 
sirable across the steam system in order to obtain a high thermal efficiency for the sys- 
tem; (2) a high differential temperature is desirable across the primary coolant-system 
elements; and (3) a large differential temperature across the heat exchanger keeps its size 
and cost to a minimum. 
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Fig. 1.2.6— Theoretical Regenerative Steam-cycle Heat Rates. Reprinted 


from A. M. Selvey and P. H. Knowlton, Theoretical Regenerative Steam-cycle 
Heat Rates, Trans. ASME 66, No. 6, Aug. 1944. 
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CHAP. 1.2 WATER-COOLED REACTORS 


MOISTURE IN TURBINE 
EXHAUST ,% 


THROTTLE STEAM 
TEMPERATURE, °F 


ee” 


REACTOR HEAT RELEASE, 1000kw 


50 100 200 300 400 500 1000 2000 3000 
THROTTLE STEAM PRESSURE, psig 


Fig. 1.2.7—— Reactor Heat Release vs Turbine Steam Conditions. Redrawn 
from ORNL-133, 1948. Calculations based on reactor producing 70 x 10° kw with 
50 Btu/lb heat rise. Steam leaving boiler must be 8 to 10% higher in pressure 
and 1% higher in temperature than steam at turbine throttle. 
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MOISTURE IN TURBINE 
EX HAUST,% 


THROTTLE 
STEAM 
TEMPERATURE ,°F 


REACTOR HEAT RELEASE , 1000 kw 


50 100 200 300 400 SOO 1000 2000 3000 
THROTTLE STEAM PRESSURE, psig 


Fig. 1.2.8— Reactor Heat Release vs Turbine Steam Conditions. Redrawn 
from ORNL-133, 1948. Calculations based on reactor producing 70 x 10° kw 
with 40 Btu/lb heat rise. Steam leaving boiler must be 8 to 10% higher in pres- 
sure and 1% higher in temperature than steam at turbine throttle. 
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WATER-COOLED REACTORS 


MOISTURE IN TURBINE 
EXHAUST,% 


THROTTLE STEAM 
TEMPERATURE, °F 
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Fig. 1.2.9—— Reactor Heat Release vs Turbine Steam Conditions. Redrawn 
from ORNL-133, 1948. Calculations based on reactor producing 70 x 10° kw 
with 30 Btu/lb heat rise. Steam leaving boiler must be 8 to 10% higher in pres- 
sure and 1% higher in temperature than steam at turbine throttle. 
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Fig. 1.2.10——Reactor Heat Release vs Turbine Steam Conditions. Redrawn 
from ORNL-133, 1948. Calculations based on reactor producing 70 x 10° kw 
with 20 Btu/lb heat rise. Steam leaving boiler must be 8 to 10% higher in pres- 
sure and 1% higher in temperature than steam at turbine throttle. 
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Fig. 1.2.11— Representative Temperature Distribution in a Reactor-heated 
Power Cycle Showing Relationship with Pressure. Redrawn from ORNL-133, 
1948. 
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CHAPTER 1.3 


Physical and Thermodynamic Properties 


of Light and Heavy Water 


P. A. Lottes 


The properties of light and heavy liquid water and light-water vapor frequently used in 
heat transfer calculations are presented in tabular and/or graphic form. Heavy-water 
properties are available for relatively low temperatures only and are generally similar to 
those of light water. For most engineering calculations concerning heavy water at higher 
temperatures, the corresponding property of light water, with the exception of density, has 
been used since data are not available above approximately 100°F. 

The data are presented by individual property. Critical properties, constant-pressure 
specific heat, thermal conductivity, dynamic viscosity, Prandtl number, density and latent- 
heat values are included when available; exception is made for the specific heat of light- 
water vapor and the latent heat of light liquid water because data presented in Keenan and 
Keyes! are the best available. In general, tabular compilations of the physical and ther- 
modynamic properties for light and heavy liquid water are presented. Whenever possible, 
a graphical comparison of these properties is included. Graphs of frequently used proper- 
ties of light-water vapor are included. Thermal conductivity data for heavy water are not 
available; consequently, thermal conductivity and the Prandtl number calculation, which 
includes the value of thermal conductivity, have been omitted. 

A recent study by Wellman’ presents a review of available data on the thermodynamic 
and physical properties of light liquid water in the form of tables of values; the study in- 
cludes an evaluation of the accuracy of the values reported. These data were used in the 
preparation of this chapter with the exception that graphical data for the density and vapor 
pressure of light liquid water were taken from Keenan and Keyes.’ 

The data of Kirshenbaum’® for heavy water have been recalculated into units used pre- 
dominately in engineering heat transfer calculations. 

Values for the properties of light-water vapor were provided by Sibbitt‘ from an evalua- 
tion currently being made by Purdue University. 


‘References appear at end of chapter. 
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CHAP. 1.3 WATER-COOLED SYSTEMS 
Table 1.3.1—Critical Properties of Light Water 
Critical temperature 705.40 °F 
374.2 °C 
Critical pressure 3206 psia 
218.2 atm 
Critical density 19.9 Ib/cu ft 
0.320 gm/ml 
Table 1.3.2— Critical Properties of Heavy Water 
Critical temperature 700.7 °F 
371.5 °C 
Critical pressure 3212 psia 
218.6 atm 
Critical density 22.7 Ib/cu ft 
0.363 gm/ml 
Table 1.3.3— Constant-pressure Specific Heat (cp) of Liquid Light Water 
(Conversion Factor: From Btu/(lb)(°F) to cal/(gm)(°C) multiply by 1) 
Cp, Btu/ (Ib) (°F) 
Temperature, Saturated Pressure, psia, compressed liquid 
°F liquid 1000 2000 3000 4000 5000 6000 
32 1.0083 1.0032 1.0004 0.9979 0.9948 0.992 0.989 
40 1.0048 1.0014 0.9986 .9959 9926 991 .988 
50 1.0004 0.9991 .9963 9933 -9899 987 984 
60 0.9990 .9968 .9939 .9907 .9872 .984 981 
70 .9980 .9949 .9920 .9888 .9848 .982 .979 
80 .9975 .9943 .9912 .9878 .9840 981 .978 
90 -9974 .9938 .9904 9871 .9832 .980 977 
100 .9976 .9932 .9897 .9864 -9824 .978 975 
110 9976 .9932 -9895 9860 -9819 978 974 
120 .9977 .9934 -9895 .9858 9817 .978 974 
130 .9981 .9937 .9896 .9856 .9814 977 973 
140 .9988 .9940 .9897 .9854 9811 977 973 
150 .9996 .9950 9905 9861 9817 978 974 
160 1.0004 -9959 .9913 .9868 9823 978 974 
170 1.0012 .9969 9921 .9876 .9829 .978 974 
180 1.0022 .9980 .9931 .9885 -9836 979 975 
190 1.0034 .9984 .9945 .9896 .9847 .980 975 
200 1.0047 1.0008 .9958 .9907 .9857 981 976 
210 1.0061 1.0021 .9971 .9919 -9868 982 977 
212 1.0064 1.0024 0974 9921 -9870 982 OTT 
220 1.0079 1.0039 .9988 .9934 9881 .983 978 
230 1.0097 1.0057 1.0005 9951 -9896 985 -980 
240 1.0119 1.0075 1.0023 .9967 .9910 .986 981 
250 1.0142 1.0095 1.0041 -9984 -9925 988 .983 
260 1.0165 1.0117 1.0061 1.0003 -9943 -989 984 
270 1.0191 1.0140 1.0082 1.0023 9961 991 .986 
280 1.0222 1.0163 1.0102 1.0042 .9979 .993 .988 
290 1.0255 1.0194 1.0131 1.0069 1.0005 .995 -989 
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PROPERTIES OF LIGHT AND HEAVY WATER 


Temperature, 


32—100 
100-200 
200 —300 
300 —400 
400 —500 
900 —530 
930 —600 
600 —620 
620 —660 
660 —680 

690 


Saturated 


liquid 


1.0289 
1.0322 
1.0354 
1.0404 
1.0455 
1.0511 
1.0564 
1.0614 
1.0669 
1.0728 


1.0794 
1.0861 
1.0941 
1.1023 
1.1114 
1.1212 
1.1319 
1.1431 
1.1545 
1.1698 


1.1861 
1.21 
1.23 
1.25 
1.28 
1.31 
1.34 
1.37 
1.41 
1.46 


1000 


1.0232 
1.0270 
1.0307 
1.0353 
1.0399 
1.0445 
1.0496 
1.0553 
1.0611 
1.0668 


1.074 
1.080 
1.087 
1.095 
1.105 
1.114 
1.124 
1.136 
1.149 
1.163 


1.176 
1.19 
1.21 
1.23 


Cp, Btu/(Ib)(°F) 


Table 1.3.3 — (Continued) 


Pressure, psia, compressed liquid 


2000 


1.0166 
1.0200 
1.0235 
1.0278 
1.0322 
1.0365 
1.0411 
1.0461 
1.0510 
1.0560 


1.062 
1.068 
1.075 
1.082 
1.091 
1.100 
1.109 
1.120 
1.131 
1.143 


1.154 
1.171 
1.188 
1.205 
1.225 
1.252 
1.278 
1.304 
1.341 
1.382 


1.448 
1.52 
1.62 


3000 


1.0101 
1.0132 
1.0164 
1.0205 
1.0246 
1.0287 
1.0331 
1.0377 
1.0424 
1.0471 


1.053 
1.059 
1.065 
1.072 
1.079 
1.087 
1.095 
1.104 
1.114 
1.125 


1.135 
1.551 
1.166 
1.182 
1.199 
1.218 
1.238 
1.257 
1.283 
1.310 


1.346 
1.385 
1.441 
1.509 
1.597 
1.701 
1.817 
2.14 

2.96 


4000 


1.0037 
1.0068 
1.010 
1.014 
1.017 
1.021 
1.025 
1.029 
1.034 
1.038 


1.043 
1.048 
1.053 
1.059 
1.066 
1.074 
1.081 
1.090 
1.099 
1.109 


1.118 
1.132 
1.146 
1.160 
1.175 
1.192 
1.209 
1.227 
1.246 
1.265 


1.290 
1.317 
1.352 
1.392 
1.442 
1.505 
1.576 


Accuracy for indicated temperature range, % 


0.3 


0.3 
2 
ay} 
3 
3 

1.0 


0.5 


Ol a3 -3 on On om 


0.8 
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1. 
0. 
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5000 


.998 
1.001 
1.004 
1.008 
1.011 
1.014 
1.018 
1.021 
1.026 
1.030 


1.035 
1.040 
1.045 
1.051 
1.057 
1.065 
1.071 
1.079 
1.087 
1.095 


1.102 
1.115 
1.127 
1.139 
1.152 
1.168 
1.182 
1.198 
1.216 
1.230 


1.25 
1.27 
1.29 
1.32 
1.36 
1.40 
1.43 


6000 


.992 

.995 

.998 
1.002 
1.005 
1.008 
1.012 
1.014 
1.019 
1.022 


1.027 
1.032 
1.037 
1.043 
1.048 
1.056 
1.061 
1.068 
1.075 
1.082 


1.088 
1.100 
1.110 
1.121 
1.132 
1.147 
1.158 
1.172 
1.189 
1.200 


1.21 
1.23 
1.25 
1.27 
1.31 
1.34 
1.36 
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WATER-COOLED SYSTEMS 


Table 1.3.4—specific Heat (cp) of Liquid Heavy Water at 1 Atm* 
(Conversion Factor: From Btu/(lb)(°F) to cal/(gm)(°C) multiply by 1) 


Temperature 
°C °F Cp, Btu/ (Ib) (°F) 
10 50 1.009 
15 59 1.008 
20 68 1.006 
25 17 1.005 
30 86 1.005 
35 95 1.004 


*Accuracy: +3.5% 


Table 1.3.5—Thermal Conductivity (k) of Light Liquid Water 


(Conversion Factor: From Btu/(hr)(ft)(°F) to cal/(sec)(cm)(°C) multiply by 0.00413379) 


k, Btu/(hr)(ft)(°F) 
Temperature, Saturated Pressure, psia, compressed liquid 
°F liquid 1000 2000 3000 4000 5000 6000 
32 0.3185 0.3198 0.3211 0.3227 0.3246 0.3266 0.3286 
40 .3245 .38260 .3275 .3294 .3314 .3335 .3358 
50 .3319 .3337 .3396 3377 .3398 .3422 3447 
60 .3397 3414 .3433 3454 .3476 .3500 .3528 
70 3472 .3487 .3508 .3530 3551 .3576 .3604 
80 3532 -3537 .3570 .3590 .3616 .3640 .3665 
90 3589 -3608 -3629 3661 -3676 .3700 3723 
100 .3641 .3659 -3680 .3703 3727 37561 3777 
110 3689 .3707 3727 .3760 .3773 3797 .3822 
120 3733 3751 3771 3792 .3815 -3839 .3862 
130 3772 .3790 .3810 .3831 .3853 -3877 .3900 
140 .38810 .3828 3847 .3868 .3891 .3914 .3938 
150 .3836 .3855 .3875 -3897 .3920 .3944 .3968 
160 3861 -3880 .3902 .3924 .3948 .3973 .3997 
170 .3884 .3903 ~3925 .3947 .3971 .3996 4020 
180 .3905 .3924 .3945 3968 -3992 4017 4041 
190 3923 -3942 .3964 .3986 4010 4034 A059 
200 -3935 -3957 .3980 -4003 4027 .4051 4074 
210 .3943 .3970 .3995 4017 4044 .4067 4088 
212 3944 .3972 .3998 .4020 4047 .4070 .4091 
220 .3950 .3977 .4003 .4028 4055 4079 .4103 
230 .3957 .3983 .4010 4037 4064 4091 .4118 
240 3961 .3988 .4016 .4043 4071 4099 4127 
250 .3964 -3992 4021 -4048 4077 -4106 4135 
260 .3964 .3992 4021 4048 .4077 4106 .4135 
270 .3962 .3991 4020 4048 .4078 .4107 .4136 
280 .3959 .3987 .4018 .4048 4079 4109 .4140 
290 .3955 .3984 .4015 4047 4078 .4110 4141 
300 .3952 3981 4013 4045 .4076 4109 4141 
310 .3948 .3975 .4006 .4038 .4069 .4102 4137 
320 3944 3969 .3998 4029 .4060 4094 4131 


PROPERTIES OF LIGHT AND HEAVY WATER 


Temperature, 


°F 


330 
340 
350 
360 
370 
380 
390 


400 
410 
420 
430 
440 
450 
460 
470 
480 
490 


500 
510 
520 
530 
540 
950 
560 
970 
580 
590 
600 
610 
620 
630 
640 
650 
660 
670 
680 
690 


32—100 
100—200 
200—300 
300—400 
400—500 
900 —530 
530— 600 
600— 680 

690 


Saturated 
liquid 


0.3933 
.3921 
.3906 
-3891 
.3876 
-3857 
.3834 


.3809 
.3783 
3753 
3724 
.3693 
.3670 
.3640 
.3608 
3575 
.3535 


3494 
.3446 
.3397 
.3348 
-3298 
.3246 
.3189 
.3130 
.3064 
2997 


.2919 
.2839 
2753 
-2662 
.2965 
2454 
.2335 
.2198 
.2056 
.1854 


1000 


0.3958 


.3947 
.3933 
3919 
.3904 
.3885 
-3863 


.3840 
.3817 
3787 
«3757 
.3728 
.3697 
.3664 
.3630 
.3595 
.3953 


.3910 
.3461 
.3410 
3356 


Table 1.3.5 — (Continued) 


Accuracy for indicated temperature range, % 


0.7 
st 
6 


1.0 


1.0 
1.0 
1.0 
1.0 
2.0 
5.0 
5.0 
5.0 
5.0 


5000 


0.4084 


4075 
.4069 
4059 
.4046 
4031 
4017 


4000 
.3983 
.3960 
.3936 
-3907 
.3880 
-3857 
.3823 
.3784 
.3744 


3105 
3677 
.3645 
.3602 
3959 
.3915 
.3465 
.3410 
.8354 
-3298 


3232 
.3167 
3100 
.3030 
2953 
.2869 
2779 
.2679 
2007 
2463 


k, Btu/(hr) (ft)(°F) 
Pressure, psia, compressed liquid 
2000 3000 4000 

0.3988 0.4019 0.4050 
-3977 .4009 .4040 
.3965 .3997 4031 
.3951 .3984 .4020 
.3936 .3970 4006 
.3919 .3954 .3991 
.3900 .3937 .3975 
.3880 .3920 .3960 
.3860 .3903 .3944 
.3833 .3877 .3920 
.3806 .3850 .3894 
3776 .3821 .3865 
3745 3791 .3836 
3713 3761 .3809 
.3678 3727 3775 
.3642 .3689 .3738 
.3603 -3650 .3698 
3062 3611 .3658 
.3519 3974 .3626 
.3475 .3939 .3091 
.3424 .3486 .3545 
337] .3437 .3499 
.3318 .3386 .3452 
-3296 .3328 .3398 
.3190 .3265 .3339 
3118 .3198 3207 
.3045 .3130 3215 
.2962 .3056 .3146 
.2875 -2979 .3074 
2778 .2892 .2997 

-2800 2916 
.2700 .2831 
.2588 .2736 
2469 .2634 
.2019 -2916 
2161 -2395 

.2242 
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6000 


0.4122 


4114 
.4108 
4101 
.4089 
4077 
4063 
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CHAP. 1.3 WATER-COOLED SYSTEMS 


Table 1.3.6 — Dynamic Viscosity (4) of Light Liquid Water 
(Conversion Factor: From lb/(hr)(ft) to poises multiply by 0.00413379) 


u, Ib/(hr) (ft) 


Pressure, psia, compressed liquid 


Temperature, Saturated 

°F liquid 1000 2000 3000 #4000 £5000 #6000 

32 4.340 4.309 4.279 4.248 4.218 4.187 4.157 

40 3.742 3.721 3.699 3.677 3.656 3.643 3.613 

50 3.169 3.154 3.140 3.126 3.111 3.097 3.082 

60 2.731 2.722 2.714 2.705 2.696 2.688 2.679 

70 2.372 2.369 2.365 2.361 2.357 2.354 2.350 

80 2.084 2.084 2.083 2.083 2.082 2.082 2.081 

90 1.847 1.848 1.850 1.851 1.853 1.854 1.855 
100 1.650 1.654 1.658 1.663 1.667 1.671 1.675 
110 1.487 1.492 1.498 1.503 1.509 1.514 1.519 
120 1.353 1.360 1.366 1.373 1.880 1.387 1.394 
130 1.236 1.244 1.252 1.259 1.267 1.275 1.283 
140 1.137 1.145 1.154 1.162 1.170 1.179 1.187 
150 1.050 1.059 1.068 1.077 1.086 1.095 1.103 
160 0.970 0.979 0.988 0.997 1.006 1.015 1.024 
170 902 912 921 930 0.939 0.949 0.958 
180 839 849 858 868 877 .887 896 
190 786 .796 806 815 825 835 845 
200 .738 748 £757 767 6777 .787 .796 
210 702 711 721 731 .740 .750 .760 
212 .687 697 .706 .716 .726 .735 745 
220 .660 .670 .680 .689 .699 709 .718 
230 624 633 643 652 661 671 .680 
240 595 .604 614 .623 .632 641 650 
250 568 578 587 .596 .605 614 624 
260 542 551 560 569 578 587 596 
270 515 524 533 541 550 559 567 
280 494 502 511 519 528 536 545 
290 A172 480 488 496 505 513 521 
300 A52 460 468 476 484 492 .500 
310 436 442 450 459 A467 475 484 
320 420 .426 433 AAl 449 A5T 464 
330 405 411 .418 426 433 440 448 
340 391 396 404 All 418 425 432 
350 .378 384 .390 396 403 407 416 
360 .366 372 378 383 .390 396 401 
370 355 361 .367 372 .378 384 389 
380 .346 351 356 361 366 372 377 
390 336 340 345 .350 355 360 365 
400 327 330 335 340 345 350 355 
410 318 321 .326 331 336 340 346 
420 310 312 317 322 327 331 .336 
430 302 304 309 313 318 322 327 
440 294 296 301 305 310 314 319 
450 287 .289 293 .298 302 .306 310 
460 .280 282 286 290 294 .298 302 
470 274 276 .280 284 .287 291 295 
480 267 270 273 277 280 284 288 
490 262 263 267 270 274 278 281 
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Temperature, 


32—100 
100—200 
200—300 
300—400 
400—500 
500—530 
530—600 
600—620 
620—680 

690 


Saturated 


liquid 


0.256 
251 
246 
.240 
-200 
-230 
-220 
221 
217 
214 
210 
-205 
-200 
.195 
.190 
.183 
177 
.169 
161 
148 


1000 


0.257 
201 
.246 
241 


Table 1.3.6 — (Continued) 


HB, Ib/(hr)(ft) 


Pressure, psia, compressed liquid 


4000 


2000 


0.260 
-200 
.249 
244 
239 
-239 
231 
226 
22a 
217 
212 
207 
.202 


3000 


0.264 
.208 
.293 
248 
.243 
.239 
204 
229 
229 
221 
217 
212 
208 
.202 
.196 
.189 
182 
174 
.166 


0.267 
.262 
.296 
2951 
247 
243 
238 
234 
.230 
226 
222 
218 
214 
.209 
.203 
197 
192 
.186 
.180 
172 


Accuracy for indicated temperature range, % 


0.5 

7 
1.5 
1.5 
3.0 
4.0 
4.0 
7.0 
7.0 
7.0 


0.6 

8 
2.0 
2.0 
3.5 
4.5 


0.6 

8 
2.0 
2.0 
3.5 
4.5 
4.5 
7.0 


0.6 

8 
2.0 
2.0 
3.5 
4.5 
4.5 
7.0 
7.0 


0.6 

8 
2.0 
2.0 
3.5 
4.5 
4.5 
7.0 
7.0 
7.0 


5000 


271 
.266 
260 
.200 
.250 
247 
243 
.238 
204 
.230 
22l 
224 
220 
216 
211 
.206 
.202 
.198 
.194 
.188 


1.0 
1.0 
2.9 
2.9 
4.0 
3.0 
5.0 
8.0 
8.0 
8.0 


6000 


0.274 
269 
.264 
.209 
204 
.290 
246 
242 
239 
239 
233 
-230 
226 
222 
.218 
215 
.212 
210 
208 
.203 


1.0 
1.0 
2.5 
2.9 
4.0 
3.0 
5.0 
8.0 
8.0 
8.0 


Table 1.3.7 — Dynamic Viscosity (u) of Heavy Liquid Water at 1 Atm* 


Temperature 
°C °F 
5) 41 
10 50 
15 99 
20 68 
25 77 
30 86 
35 95 


* Accuracy: +0.5% 


cp 


1.988 
1.684 
1.450 
1.260 
1.102 
0.972 

-863 


ps 


Ib/(hr)(ft) 


4.809 
4.074 
3.508 
3.048 
2.667 
2.352 
2.089 
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Table 1.3.8 —Prandtl Number (cpu/k) for Light Liquid Water 


cp Ht/k 
Temperature, Saturated Pressure, psia, compressed liquid | 
od liquid 1000 2000 3000 4000 5000 6000 
32 13.74 13.52 13.33 13.14 12.93 12.72 12.51 
4D 11.59 11.43 11.28 11.12 10.95 10.80 10.63 
50 9.55 9.44 9.32 9.19 9.06 8.93 8.80 
60 8.03 7.95 7.86 7.76 7.66 7.56 7.47 
70 6.82 6.76 6.69 6.61 6.54 6.46 6.38 
80 §.89 5.86 5.78 §.73 5.67 §.61 5.55 
90 5.13 5.09 5.05 5.01 4.96 4.91 4.87 
100 4.52 4.49 4.46 4.43 4.39 4.36 4.32 
110 4.02 4.00 3.98 3.94 3.93 3.90 3.87 
120 3.61 3.60 3.59 3.57 3.55 3.53 3.52 
130 3.27 3.26 3.25 3.24 3.23 3.21 3.20 
140 2.98 2.97 2.97 2.96 2.95 2.94 2.93 
150 2.74 2.73 2.73 2.72 2.72 2.71 2.71 
160 2.51 2.51 2.51 2.51 2.50 2.50 2.49 
170 2.33 2.33 2.33 2.33 2.33 2.32 2.32 
180 2.15 2.16 2.16 2.16 2.16 2.16 2.16 
190 2.01 2.02 2.02 2.02 2.03 2.03 2.03 
200 1.88 1.89 1.89 1.90 1.90 1.90 1.91 
210 1.79 1.80 1.80 1.80 1.81 1.81 1.82 
212 1.75 1.76 1.76 1.77 1.77 1.77 1.78 
220 1.69 1.69 1.70 1.70 1.70 1.71 1.71 
230 1.59 1.60 1.60 1.61 1.61 1.61 1.62 
240 1.52 1.53 1.53 1.54 1.54 1.54 1.55 
250 1.45 1.46 1.47 1.47 1.47 1.48 1.48 
260 1.39 1.40 1.40 1.41 1.41 1.41 1.42 
270 1.33 1.33 1.34 1.34 1.34 1.35 1.35 
280 1.27 1.28 1.28 1.29 1.29 1.30 1.30 
290 1.22 1.23 1.23 1.24 1,24 1.24 1.24 
300 1.18 1.18 1.19 1.19 1.19 1.19 1.20 
310 1.14 1.14 115 }#£1.15 1.16 1.16 1.16 
320 1.10 1.11 1.11 1.11 1.12 1.12 1.12 
330 1.07 1.07 1.08 1.08 1.08 1.09 1.09 
340 1.04 1.04 1.05 1.05 1.05 1.05 1.06 
350 1.02 1.02 1.02 1.02 1.02 1.01 1.02 
360 0.993 0.997 0.996 0.993 0.994 0.994 0.991 
370 973 977 2975 972 971 .968 .965 
380 .956 958 .954 .952 .949 946 942 
390 941 939 .934 .930 926 922 917 
400 927 .924 918 914 908 .905 .902 
410 913 .909 903 .898 .892 .889 887 
420 903 .897 -890 884 877 874 872 
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Temperature, 


32—100 
100—200 
200—300 
300 —400 
400—500 
§00—530 
530—600 
600 — 620 
620—660 
660—680 

690 


Saturated 
liquid 


95 
97 
1.00 
1.04 


1.09 
1.14 
1.20 
1.25 
1.39 
1.56 
1.77 
2.19 
2.75 
4.40 


CHAP. 1.3 
Table 1.3.8 — (Continued) 
Cp /k 
Pressure, psia, compressed liquid 
1000 2000 3000 4000 5000 6000 
.886 877 872 .864 .861 .858 
.878 .869 862 854 .850 846 
871 .861 854 .845 841 836 
866 .855 845 .835 .829 822 
.863 .852 .840 .829 .822 813 
861 849 836 824 816 .807 
862 847 .833 821 812 .802 
.861 844 .830 .816 806 796 
.86 848 832 818 805 .794 
.87 .852 834 819 .804 192 
.88 .859 841 .822 .806 793 
870 .848 826 811 796 
.886 .859 837 .820 -803 
.905 871 849  °+#&«.828 809 
924 882 .860 837 .817 
953 .903 874 849 827 
.985 .925 .889. .859 .835 
1.015 .954 .908 .879 849 
1.09 1.003 934 .899 869 
1.18 1.034 .964 .916 884 
1.089 997 941 .901 
1.158 1.034 970 .933 
1.241 1.086 1.006 .962 
1.337 1.147 1.039 -990 
1.61 
1.97 
Maximum error for indicated temperature range, % 
1.9 2.1 2.4 2.7 3.5 3.7 
2.0 2.2 2.6 2.4 3.5 3.7 
3.2 3.4 3.8 3.6 5.0 5.2 
3.3 3.5 3.9 3.9 5.0 5.2 
5.8 6.0 6.4 6.4 7.5 8.0 
10.5 10.2 10.5 10.0 11.5 11.5 
10.2 10.5 10.0 11.5 11.5 
13.5 13.0 12.5 14.5 14.5 
15.5 12.5 14.5 14.5 
16.0 
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Temperature 
oF oO 
41 5 
50 10 
§1.8 11 
53.6 12 
55.4 13 
59 15 
68 20 
77 25 
86 30 
95 35 
104 40 


* Accuracy: +0.003% 


Temperature 
i & oF 
0 32 
10 50 
20 68 
30 86 
40 104 
50 122 
60 140 
70 158 
80 176 
90 194 
100 212 
110 230 
120 248 
130 266 
140 284 
150 302 
160 320 
170 338 
180 356 
190 374 
200 392 
210 410 
220 428 
230 446 
240 464 
371.5 700.7 


Lb/cu ft 


69.0176 
69.0444 
69.0450 
69.0450 


69.0438 ‘. 


69.0382 
69.0063 
68.9508 
68.8746 
68.7828 
68.6723 


p 


Gm/cc 


1.10555 
1.10598 
1.10599 
1.10599 
1.10597 
1.10588 
1.10537 
1.10448 
1.10326 
1.10179 
1.10002 


Pressure 
TD 
Atm 

(absolute) Psia 
0.00480 0.0705 
.01025 .1506 
.0200 .2939 
.0368 .9408 
0647 .9508 
1100 1.616 
1797 2.641 
2843 4.178 
.4363 6.412 
.6520 9.582 
.9503 13.96 
1.353 19.88 
1.888 27.75 
2.584 37.97 
3.474 §1.05 
4.596 67 .54 
9.993 88.07 
7.707 113.3 
9.788 143.8 
12.29 180.6 
15.26 224.3 
18.77 275.8 
22.87 336.1 
27.63 406.0 
33.17 487.5 
218.6 3212 
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Table 1.3.9 — Absolute Density (p) of Heavy Liquid Water at 1 Atm* 


Table 1.3.10— Vapor Pressure of Heavy Liquid Water 
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Table 1.3.11—Latent Heat of Vaporization of Heavy Water* 


Temperature 
°C °F 

3.82 38.9 
10 50 
25 77 
40 104 
60 140 
80 176 
100 212 
120 248 
140 284 
160 320 
180 356 
200 392 
220 428 


* Accuracy: +0.3% 


AH 
Cal/gm Btu/Ib 
554.66 998.39 
549.47 989.05 
§41.53 974.76 
531.50 956.69 
519.86 935.75 
507.98 914.36 
495.65 892.16 
482.76 868.98 
469.08 844.35 
454.70 818.47 
439.28 790.69 
422.70 760.86 
404.63 728.33 
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Fig. 1.3.2— Graphical Presentation of Thermal Conductivity Values for Light 
Liquid Water. Drawn from values of Wellman* by Argonne National Laboratory, 
June 15, 1952. 
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y oN wo 
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Fig. 1.3.4— Graphical Comparison of Dynamic-viscosity Data for Light and 
Heavy Liquid Water. Drawn from data of Wellman’ and Kirshenbaum® by Argonne 
National Laboratory, June 15, 1952. 
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Fig. 1.3.5—— Dynamic-viscosity Values for Light-water Vapor. Submitted from 
data of Timrot’ by W. L. Sibbitt, Purdue University, June 23, 1952. Drawn by 
Argonne National Laboratory. 
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Fig. 1.3.6— Graphical Presentation of Prandtl Number Values for Light Liquid 
Water. Drawn from values of Wellman’ by Argonne National Laboratory, June 


15, 1952. 
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Fig. 1.3.7— Graphical Presentation of Prandtl Number Value for Light-water 
Vapor. Drawn from calculations of W. L. Sibbitt,‘ Purdue University, June 23, 
1952, by Argonne National Laboratory. | 
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Fig. 1.3.8— Graphical Presentation of Density Values for Light Water (40°—440°F). 


Drawn from values of Keenan and Keyes! by Argonne National Laboratory, May 15, 1952. 
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Fig. 1.3.10— Graphical Presentation of Vapor-pressure Values for Light Water. 
Drawn from data of Keenan and Keyes! by Argonne National Laboratory, May 15, 
1952. 
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CHAPTER 1.4 


Heat Transfer 


W. H. Jens and P. A. Lottes 


The most common mode of heat transfer used to cool reactors is forced convection. 
Convection is defined as the transfer of heat from one place to another within a fluid by 
the mixing of one portion of the fluid with another. Convection is further subdivided into 
free convection and forced convection. 

In free or natural convection, heat is transferred by the circulation of fluid due to densi- 
ty differences brought about by heating or cooling. In forced convection, the velocity of 
the main body of the fluid is usually large compared to the natural circulation currents. 
There is no sharp line of demarkation, however, between the two types of convection. In 
cases where the bulk velocity of the fluid is low, the transfer of heat will be governed 
mainly by the effect of temperature difference causing natural convection currents. 

Forced convection is generally subdivided into laminar or turbulent flow. Laminar flow 
is generally considered to exist for values of Reynolds number (D.G/p) of less than 2100 
and turbulent flow for somewhat larger values. A transition region exists for Reynolds 
numbers between 2100 and 10,000.! Turbulent flow can safely be considered to exist at 
values above 10,000. For flow inside single tubes, turbulent flow exists for a Reynolds 
number above 3100. In the forced convection of water, the Reynolds number usually ex- 
ceeds either of these critical values, and the flow is turbulent. 

A film coefficient of heat transfer (h) is used in convection to determine the amount of 
heat transferred. It is defined as the heat transferred per unit area per unit time per unit 
temperature difference between the surface and the fluid. The thermal conductivity (k), the 
dynamic viscosity (u), the density (p), and the constant-pressure specific heat (cp) are the 
physical properties of the fluid that affect the film coefficient. Since these physical prop- 
erties vary with temperature and pressure, the film coefficient is a function of temperature 
and pressure. The velocity of the fluid and the shape and spacing of the heating surface also 
affect the film coefficient; these variables may be adjusted to give the desired coefficient. 

Heat-transfer nomenclature is presented in Table 1.4.1, and conversion factors are pre- 
sented in Table 1.4.2. 


BASIC EQUATIONS FOR FREE-CONVECTION HEAT TRANSFER 


The following correlations’ may be used to predict free-convection heat transfer from 
vertical metal surfaces to water. For the laminar range of Ng,.Np, = 0.2 x 10° to 40 x 10°, 
the heat-transfer coefficient is given by the equation: 


hL 
5. = 0.726 (Ngr-N pr) (1) 


1 References appear at end of chapter. 
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Table 1.4.1— Heat-transfer Nomenclature and Units 


Definition 
Flow area 
Wetted perimeter 
Constant 
Specific heat 


Diameter of sphere 
Outside diameter of pipe Eq. (4) and (5) 
Equivalent diameter equal to 4 times the 


flow area divided by the wetted perimeter, 4A,/t 


Outside diameter of cylinders 

Subscript used to designate that the 
physical properties should be evaluated at 
the film temperature 

Mass velocity 

Mass velocity based on minimum free cross 
section across banks of tubes (either 
transverse to stream or on diagonal 
clearances, whichever is less) 

Mass velocity per unit area of a bed of spheres 

Gravitational acceleration, local, usually 
taken as standard value, 32.2 

Heat transfer coefficient 

Mean value of heat transfer coefficient over 
entire surface of sphere or cylinder 

Thermal conductivity 

Length 

Number of tubes pare hslere of ras 

Grashof number, ia % = or aa) ms = 

Nusselt number, hD, /k 

Reynolds number, D,G/p 

Prandtl number, cpu/k 


Pressure 
Heat flux 
Burnout heat flux 
w tt, 
Film temperature, mae ae 


Temperature of surface transferring heat 

Saturation temperature 

Bulk water temperature 

Coefficient of thermal expansion 

Density 

Temperature difference between surface and fluid 

Temperature difference between tempera- 
ture of surface transferring heat by boil- 
ing minus the saturation temperature 

Temperature difference, saturation tem- 
perature minus the bulk water tempera- 
ture 

Viscosity{ (dynamic) 


*Lb used to represent pounds mass 
{Viscosity as given in this chapter is given in units of lb/(hr)(ft) whereas in Chap. 1.5 the 
unit used is lb/(sec) (ft). Care should be taken in using proper units in equations 


Units* 


sq 
ft 
None 


Btu/(b)(F) 


None 


lb/(hr)(8q ft) 
lb/(hr) (sq ft) 


lb/hr) (sq ft) 
ft /(sec) (sec) 


Btu (hr)(sq ft)(F) 
Btu/fhr)(sq ft)(F) 


Btu/(hr) (ft)(F) 
ft 


None 
None 


None 

None 

None 

lb/sq ft 

Btu Ahr) (sq ft) 
Btu /hr)(sq ft) 


°F 


Ib Ahr) (ft) 
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Table 1.4.2 —Heat-transfer Conversion Factors 


English Units x Multiplication Factor to Obtain CGS Units 
sq ft 929 cm? 
Btu /lb)(F) 1 cal /(gm)(*C) 
ft 30.48 cm 
lb /hr)(sq ft) 1.356 x 10~4 gm /(sec)(Sq cm) 
Btu /(hr)(sq ft)(F) 1.356 x 10~ cal (sec)(sq cm)(C) 
Btu (hr) (sq ft)(°F) 5.676 x 1074 watt (sq cm)(°C) 
Btu Ahr) (ft)CF) 4.133 x 1075 cal (sec) (cm)(C) 
Btu Ahr) (ft)(F) 1.73 x 107? watt /(cm)(*C) 
Btu /hr)(sq ft) 7.535 x 107° cal (sec)(sq cm) 
Btu /hhr)(sq ft) 3.154 x 1074 watt /sq cm 
Ib /thr) (ft) 4,134 x 107° gm /sec)(cm) 
lb/hr) (ft) 4.134 x 1075 poise 


For the turbulent range of Nc,.Np,; = 40 x 10° to 900 x 10° the heat-transfer coefficient is 
given by the equation: 


a> = 0.0674 [Ngr(Npr)*?9]* (2) 
These equations represent experimental data on water and ethylene glycol to within +10 
percent. 

Free convection from single horizontal cylinders to water may be calculated within + 10 
percent according to Eq. (3)° provided that the value of the outside diameter (D) of the cyl- 
inder is used as the characteristic length in the Nusselt and Grashof number: 


D*p} a Cpl 
hD Pay (eae “" (3) 


= 0.53 [Ngr-Np,|""75 = 0 a 


The physical property constant (p§88/u%) (Cp, / k-) has been plotted as shown in Fig. 1.4.1 
for saturated water as a function of temperature. The constant is practically independent 
of pressure. By multiplying this constant by the cube of the characteristic dimension, D® 
or L’, and by the temperature difference, At, the product Ng,.Np, is obtained. 


BASIC EQUATIONS FOR FORCED-CONVECTION HEAT TRANSFER 


PIPES, NONCIRCULAR DUCTS, AND ANNULI 


The heat-transfer coefficient for the turbulent flow of water through heated pipes, non- 
circular ducts, and annuli is calculated according to the equation: 


Pe]- oo PS] TET y 


Equation (4) has been experimentally verified*’** for water flowing in heated tubes up to 
2500 psia and 600°F with heating rates up to 1,000,000 Btu/(hr)(sq ft) for Reynolds num- 
bers of 50,000 to 700,000. 
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2B 

E : J co |, I/(cu ft) (°F) 
f 
5. a 


400 700 
cn aaa °F 


Fig. 1.4.1 —Relationship Between Free-convection Heat-transfer Physical 
Properties of Water, (028g/u2)(cpu,/ks), and Temperature at Saturation Pres- 
sure. Submitted by Argonne National Laboratory, Sept. 15, 1952. 
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The heat-transfer coefficient calculated from Eq. (4) for water flowing through a channel 
with an equivalent diameter of 0.25 in. is shown as a function of water temperature and 
mass velocity in Fig. 1.4.2. Physical properties of water were evaluated at the saturation 
conditions. A correction factor to be used when calculating the heat-transfer coefficient 
for equivalent diameters other than 0.25 in. is included in Fig. 1.4.2. This correction fac- 
tor is multiplied by the heat-transfer coefficient for an equivalent diameter of 0.25 in. to 
determine the heat-transfer coefficient for other equivalent diameters. 

A comparison of the heat-transfer coefficients of light and heavy water is given in Fig. 
1.4.3. The comparison is made for both constant linear and constant mass velocities of the 
two liquids. The physical properties presented in Chap. 1.3 of this section were used in 
this comparison with the exception of the thermal conductivity of heavy water. In the ab- 
sence of values from the literature, the thermal conductivity values of heavy water were 
assumed to be the same as those for light water. 


TUBE BANKS 


FLOW PARALLEL TO AXIS 


For turbulent flow outside tube banks with the liquid flowing parallel to the axis of the 
tubes, Eq. (4) is used. The equivalent diameter for this case is expressed as: 


De = “b~ (5) 


FLOW NORMAL TO AXIS* 


Use of the following equations*»’ is recommended for calculating the heat-transfer coef- 
ficient for the unbaffled flow of water normal to banks of staggered tubes and for values of 
(DoGmax/s) greater than 10,000: 


AmDo _ o.ss{-2mes) [e]" 


- (6) 


The subscript f in the above equation indicates that the physical properties of the water 
should be evaluated at the film temperature, and h,, is the mean value of heat transfer co- 
efficient over the entire surface of tubes. 

For unstaggered tubes with values of (DoGmax/js) greater than 10,000, the recommended 
equation is: 


hmDo eos [PoC [ey 


— (7) 


*The above formulas, correlated with data from gases at lower Reynolds numbers have been used 

- generally as the basis for obtaining heat-transfer coefficients for water flowing across tube banks. It 
is recognized that the existing correlations must be extrapolated to much higher Reynolds numbers 
for use with water. In addition, Eqs. (7) and (8) are inconsistent. Work presently under way at Brook- 
haven for the flow of water across tube banks at high Reynolds number should be consulted. 
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Fig. 1.4.2 —Heat-transfer Coefficient for Light Water. Submitted by Argonne 


National Laboratory, June 10, 1952. 
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1.30 


1.20 


1.00 


0.90 


TEMPERATURE, °F 


Fig. 1.4.3 —Relationship Between hyo and hp. Submitted by Argonne National 
Laboratory, June 16, 1952. 


Equations (6) and (7) apply only to ten or more rows of tubes. The coefficient h,, is the 
mean or average coefficient for all of the tubes. Table 1.4.3 gives the ratio of hm for a 
tube bank N rows deep to that of a tube bank ten rows deep. 


Table 1.4.8 -— Effect of Number of Rows of Tubes on the Average Heat-transfer Coefficient (hm) 
(W. H. McAdams, ‘“‘Heat Transmission,’’ 2nd ed, McGraw-Hill Book Company, Inc., New York, 1942) 


Number of rows 1 2 3 4 5 6 7 8 9 10 
Ratio for staggered tubes 0.70 0.82 0.87 0.92 0.84 0.96 0.97 0.98 1.0 
Ratio for in-line tubes 0.64 .76 .83 .87 .£92 .94 .96 .97 .99 1.0 


SINGLE CYLINDER - FLOW NORMAL TO AXIS* 


The average heat-transfer coefficient for the flow of water normal to a single tube is 
given by: 


(8) 


hmDo o| 28 0. Cre a 0.3 
ke ~ 


*The above formulas, correlated with data from gases at lower Reynolds numbers have been used 
generally as the basis for obtaining heat-transfer coefficients for water flowing across tube banks. It 
is recognized that the existing correlations must be extrapolated to much higher Reynolds numbers 
for use with water. In addition, Eqs. (7) and (8) are inconsistent. Work presently under way at Brook- 
haven for the flow of water across tube banks at high Reynolds number should be consulted. 


49 


CHAP. 1.4 | WATER-COOLED SYSTEMS 


for DoG/u¢ from 1000 to 50,000. The coefficient will vary around the cylinder according to 
its angular position. The magnitude of this variation is estimated to be approximately 30 
percent for water. 


RANDOMLY PACKED SPHERES 


The heat-transfer coefficient for the flow of water through beds of randomly packed 
spheres of equal diameters may be calculated according to the equation:® 


hmDs _ - G,.D.]°-” cpl 0.30 
—_ = 9. 7 k (9) 


The correlation was based on experiments with air. The properties should be evaluated 
at the film temperature when large temperature differences exist between the sphere sur- 
face and the bulk of the fluid. No data are available on the local heat-transfer coefficient 
or the variation in the coefficient over the surface of a sphere. 


BOILING HEAT TRANSFER 


Heat transfer with a phase change from liquid to vapor is called boiling. This phase 
change may occur in the boundary layer next to the heat-transfer surface or in the bulk of 
the fluid. Boiling may occur in either a natural or forced-flow system. Boiling should oc- 
cur whenever the surface temperature of the solid transferring heat exceeds the saturation 
temperature of the fluid by a specific amount, designated as Atsat. A further classification 
of the type of boiling is usually made. With the bulk temperature of the fluid below the 
saturation temperature of the fluid, the phase change is called nucleate or local boiling. 
With the bulk temperature of the fluid at the saturation temperature of the fluid, the phase 
change is called net boiling. 

A typical plot of heat flux (q” ) from a solid surface to a liquid is shown in Fig. 1.4.4 as 
a function of the difference between the surface temperature of the solid and the bulk tem- 
perature of the liquid. The curve has been verified in a static system; however, it is be- 
lieved to hold also for a flowing system. The curve is drawn for constant pressure and 
constant bulk water temperature. At values of surface or wall temperature (t,) below the 
water saturation pressure, the heat is transferred by convection and is proportional to the 
temperature difference (ts —tw). This is the region AB. As the surface temperature ex- 
ceeds the saturation temperature of the fluid, the heat flux rises very rapidly for a small 
increase in temperature difference as shown by the nucleate or local-boiling region BC. 
Small vapor bubbles which form rapidly due to superheating of the surface and the liquid 
in a film adjacent to the surface also collapse very rapidly as soon as they grow and ex- 
tend into the subcooled liquid beyond the superheated film. A further increase in wall tem- 
perature at point C or an increase in heat flux results in a blanketing of the surface with 
vapor due to the coalescing of the individual vapor bubbles. The heat flux curve in this 
region decreases with an increase in (t, —ty). In the region CD, however, the heat flux 
finally rises again, and the surface temperature becomes very high. The major share of 
the heat transfer in this region has been postulated to occur across the vapor space by 
conduction and radiation. The wall temperature in the region CD corresponding to the heat 
flux at C, the peak of the nucleate boiling region, is usually higher than the melting point 
of the metal surface. For this reason burnout usually accompanies an increase in heat flux 
above the peak value at point C. The heat flux at point C has been frequently called the 
burnout heat flux. * 


*In water heat transfer, the burnout heat flux often corresponds to point C as shown in Fig. 1.4.4. 
However, burnout may occur at other values. In general, burnout heat flux is defined only as that heat 
flux at which burnout occurs for a given set of conditions. 
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BURNOUT HEAT FLUX _ _¢ 


FORCED 


SATURATION TEMPERATURE 


LOG q° 


= CONST 
PARTIAL 


CONNECTION BOILING | FILM BOILING | FILM BOILING 


LOG (t. - tw) 


Fig. 1.4.4 — Boiling Heat Transfer from a Solid Surface.to Water. Submitted 
by Argonne National Laboratory, July 15, 1952. 


In reactors, heat is generated and transferred to the heat-transfer fluid independently of 
the amount of heat-transfer surface or the temperature of the fluid. For this reason it is 
comparatively easy to determine the surface temperature of the heat-transfer surface. 

The surface temperature is calculated based on a convection film coefficient. If the sur- 
face temperature as calculated does not exceed the saturation temperature of the fluid cor- 
responding to the system pressure plus an additional temperature (termed AT,..;), the heat 
is transferred solely by convection and the surface temperature is as calculated. If the © 
temperature of the surface as determined by dividing the heat flux by the calculated con- 
vection heat-transfer coefficient added to the fluid temperature is in excess of the satura- 
tion-temperature flux At .,,t, then heat is being transferred by local boiling. The surface 
temperature under these conditions is not that which was calculated but is the saturation 
temperature plus At,a;. The heat flux, of course, must be less than the burnout heat flux 
for the specific conditions, otherwise the surface will burn out. 

Numerous experiments**®?: 1° 11,12 have indicated that the heat flux in the nucleate boiling 
region does not depend significantly upon the fluid velocity, nor upon the temperature dif- 
ference between the surface and the bulk water, but does depend upon the difference be- 
tween the surface temperature and the saturation temperature corresponding to the sys- 
tem pressure, and upon the system pressure itself. 

McAdams et al’ correlated their local-boiling data at pressures from 30 to 90 psia for 
water flowing through an annulus. The relation is: 


a” = C atht ai 
in which C varied from 0.189 for water containing 0.30 cc of dissolved air/liter of water 
to 0.074 for water containing 0.06 cc of dissolved air /liter of water. 

The UCLA and MIT local-boiling data were correlated by means of the following equa- 
tion: 
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60(q” /10*)% 


eP/129600 (11) 


Atsat = 


The effect of dissolved gases,***>'5 tyne of solid surface transferring heat, '?:!418 and 
cleanliness of the surface*> +15 and of the water all affect Atsat, the effects being more 
pronounced at lower pressures. Very high values of Atsat have been obtained in a 
special apparatus® in which high cleanliness was maintained. 

The burnout heat flux*»** has been investigated experimentally at pressures from 500 to 
2000 psi at velocities from 5 to 30 ft/sec in a round seamless tube of 0.226 in. ID, using 
distilled water flowing upward through the tube. The equation expresses the condition that 
experimental burnout is always higher than that calculated by the derived equation. The 
maximum deviation was plus 23 percent. This equation results, therefore, in the minimum 
burnout heat flux for a round tube: 


”"B.O. ee 
: 10° cfs (teat — tw)" aa 


' Values of ‘‘m’’ and C vs Pressure 


Pressure, psia m C 
500 0.16 0.817 
1000 275 .626 
2000 .500 -445 


This equation is limited to the conditions of the experiment. Other burnout experiments 
at lower velocities have demonstrated that burnout does not occur until very high steam 
qualities have been obtained. In these experiments, special apparatus was required to in- 
sure positive flow. Burnout at these high qualities would otherwise be difficult to anticipate 
since the flow would drop to very low values as steam is formed due to the high pressure 
drop associated with two-phase flow. If burnout is being predicted in any design, the pres- 
sure drop across the heated channel must be analyzed since it will probably be the deter- 
mining factor in the burnout of the channel. 

In pool boiling ,'®»“+!* burnout has been determined for horizontal wires and flat plates. 
In these cases, the water was at the saturation temperatures, and flow across the surface 
was by natural convection. 


HEAT TRANSFER AT SUPERCRITICAL PRESSURE 


To date, no correlations are available for predicting the heat-transfer coefficient of 
water under conditions where the water properties change radically with temperature, such 
as near the critical point. There is an increasing amount of analytical and experimental 
work currently being done toward obtaining a method of predicting the heat-transfer coef- 
ficient in these regions. ** 


The heat-transfer coefficient at supercritical pressures from metal surfaces to water in 
forced flow can be predicted from the previously mentioned equations provided that the 
water properties do not change radically with temperature. 
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CHAPTER 1.5 


Hydrodynamics 


W. H. Jens and P. A. Lottes 


Hydrodynamics or fluid mechanics must be considered in the design of a nuclear reactor 
and its coolant system. For example: The pressure drop through the reactor and other 
parts of the coolant system must be known together with the required pumping power; the 
flow distribution to the coolant channels surrounding the fuel elements during normal opera- 
tion must be properly evaluated; and the flow distribution during abnormal operation when 
boiling might occur must be understood so that the proper safeguards may be provided to 
prevent flow stoppage and burnout of a fuel element. 

Fluid flow nomenclature used in the following equations is defined in Table 1.5.1, and 
appropriate conversion factors are listed in Table 1.5.2. 


SINGLE-PHASE-FLOW PRESSURE DROP 


APPLICATION TO REACTOR CORES AND HEAT EXCHANGERS 


FLOW INSIDE TUBES, NON-CIRCULAR CHANNELS, AND ANNULI 


The differential equation* for steady flow in tubes, ducts, or channels of constant cross 
section is: 


d(v’), g fv’ 
vadP + —— + = dzt aL = 0 1 
282 Be 28-De @) 


For flow of incompressible fluids, the integrated equation is: 


fv? (L, — Ly) _ 


0 2 
36. D, (2) 


5 (Pi) F (Z_ — 24) — 


where p = 1/v. 

If the temperatures of the fluid varies, f will also vary, since it depends on the Reynolds 
number; this variation is generally very slight and is usually neglected. 

For the case of varying friction factor, the mean friction factor (f,) is: 


oe, 
in “T_T, J, f dL (3) 


* The friction factor (f) based on the equivalent diameter is used in this and subsequent equations; 
this friction factor is equal to four times the value used in the Fanning equation. Fanning used a hy- 
draulic. radius which is one fourth of the equivalent diameter. 
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Table 1.5.1— Hydrodynamic Nomenclature and Units 
Symbol Definition Units* 
A Flow area sq ft 
b Wetted perimeter ft 
d Distance between channels ft 
D Diameter (inside) of conduit ft 
De Equivalent diameter of conduit ft 
Do Diameter (outside) of pipe ft 
D, Diameter of sphere ft 
f Friction factor based on equivalent diameter None 
b’ Wetted perimeter per unit flow area ft-! 
f, Friction factor for cross flow to tubes in Eqs. (7), (8), and (10) None 
fe Friction factor for randomly packed spheres in Eq. (11) None 
F, Frictional energy loss due to bends ft-lb, /lb 
F. Frictional energy loss due to sudden contraction ft-lb ,/Ib 
F. Frictional energy loss due to sudden expansion ft-lb -/Ib 
F, Frictional energy loss due to rough miter bend ft-lb ,/lb 
F, Frictional energy loss due to smooth miter bend ft-lb,/lb 
F Frictional energy loss due to valves ft-lb,/lb 
g Gravitational acceleration, local, usually taken as 32.2 ft/(sec)(sec) | 
g. Proportionality factor in Newton’s law of motion equals 32.2 [Ib/lbs] [ft / (sec) (sec)] 
G Mass velocity lb/(sec)(sq ft) 
Xy Ratio of longitudinal pitch to outside tube diameter None 
X, Ratio of transverse pitch to outside tube diameter None 
Z Vertical distance above any arbitrary datum plane ft 
AH Enthalpy of saturated liquid minus enthalpy of liquid, at inlet Btu/Ib 
subcooling enthalpy 
AP Pressure drop lb,/sq ft 
AP, Friction pressure loss for flow of saturated water lb,/sq ft 
APrpr Friction pressure loss for flow of two-phase fluid lb,/sq ft 
(d P+ pr) Ratio of two-phase, frictional pressure gradient to saturated- None 
(dP, ) water, frictional pressure gradient 
(AP pr) Ratio of two-phase, frictional pressure loss to saturated- None 
(AP, ) water, frictional pressure drop 
= Relative roughness factor None 
6 Angle of elevation with respect to the horizontal Degrees 
mM Dynamic viscosity of liquid lb/(sec) (ft) 
My Dynamic viscosity of bulk water lb/(sec) (ft) 
Me Dynamic viscosity of saturated water Ib/(sec) (ft) 
Us Dynamic viscosity of saturated steam lb/ (sec) (ft) 
Um Weighted viscosity of steam-water mixture in Eq. (31) lb/ (sec) (ft) 
My Dynamic viscosity based on wall temperature lb/ (sec) (ft) 
p Density of fluid lb/cu ft 
p Average density of fluid Ib/cu ft 
G max Maximum mass velocity based on minimum free area for Ib/(sec) (sq ft) 
cross flow through tube banks 
Gyonic Maximum mass discharge rate from a pipe Ib/(sec)(sq ft) 
he, Latent heat of vaporization Btu/Ib 
K,, Factor in bend-loss equation None 
K. Factor in contraction-loss equation None 
K. Factor in expansion-loss equation None 
K, Factor in rough miter bend-loss equation None 
K, Factor in smooth miter bend-loss equation None 
K Factor in valve- and fitting-loss equation None 
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Table 1.5.1 — (Continued) 


‘Length of pipe 


Definition 


Number of rows in a bank of tubes 


Number of velocity heads lost in friction, f = 


Reynolds number, GDe/p or voDe /p 


Absolute pressure 


Pressure equivalent of velocity head 


Total heat input 


Multiplication factor in Eq. (26) 


Specific volume 
Average specific volume 


Specific volume of saturated liquid 


Specific volume change due to vaporization 


Velocity 
Flow rate 


Steam quality, fraction vaporized by weight 


CHAP. 1.5 


* Pounds mass used unless otherwise noted. Lbs signifies pounds force 


sq ft 
ft 


Table 1.5.2— Hydrodynamic Conversion Factors 


English units x multiplication factor = CGS units 


ft-lby /Ib 

ft /(sec)(sec) 

[Ib /lb,] [ft /(sec) (sec)] 
lb/(sec) (sq ft) 

Btu/lb 


lb/sq in. 


Btu/sec 
Btu/sec 
cu ft/lb 
ft/sec 
lb/sec 
Ib, /sq ft 


Ib/ (sec) (ft) 


lb/cu ft 


929 
30.48 

2.987 x 10° 
30.28 


0.03105 


.488 
5555 
6.895 x 104 
252 
1054.8 
62.42 
30.48 
453.6 
478.8 
14.88 


1.602 x 107? 


Units* 

ft 
None 
None 
None 
Ib; /sq ft 
lbs/sq ft 
Btu/sec 
None 
cu ft/lb 
cu ft/lb 
cu ft/lb 
cu ft/lb 
ft/sec 
lb/sec 
None 

sq cm 

cm 

cm-dyne/gm 

cm/(sec)(sec) 

[gm/dyne] [cm/(sec)(sec)] 

gm/(sec)(sq cm, 

cal/gm 

dyne/sq cm 

cal/sec 

watts 

cm?/gm 

cm/sec 

gm/sec 

dyne/sq cm 

gm/(sec)(cm) 

gm/cm? 
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Generally, f,, =f at 4 (L, + L,) and is sufficiently accurate for most calculations. 
For cases in which the channel is horizontal or where the difference in hydrostatic head 
between the ends of the channel is negligible, Eq. (2) reduces to:! 


(CL m 0.14 fv’ 0.14 
AP = 4 ee | ee (4) 


~ 26 Dele — 2g De | by 


The term [Uy/ Up)” 4 accounts for a change in viscosity of the fluid at the wall and of the 


bulk fluid, as caused by heat transfer. This term can generally be neglected when the bulk 
water temperature is greater than 200°F. - 

For pipes: 
D, = pipe diameter (5) 


For non-circular ducts and annuli: 


___4 x flow area 


© " wetted perimeter (5a) 
An approximation for parallel plates is: 

D, = 2 X distance between confining boundaries (5b) 
For a circular nisin 

D. = outside diameter minus inside diameter of annulus (5c) 


Equation (2) has been used in the past for geometries other than pipes and has recently 
been re-examined and substantiated for annuli.” 

An evaluation of: relative roughness as a function of the equivalent diameter of tubes or 
channels may be made from Fig. 1.5.1. The friction factor is then obtained from Fig. 1.5.2 
using this value of relative roughness. The friction factor may be obtained directly from 
Fig. 1.5.1 for complete turbulence in rough pipes. Following general practice, the relative 
roughness curves presented in Fig. 1.5.1 were extrapolated to the smaller equivalent diam- 
eters generally encountered in reactor design. For convenience in making pressure drop 
calculations, the Reynolds number is given in Fig. 1.5.3 as a function of the product of 
velocity and equivalent diameter for various water temperatures. 


FLOW OUTSIDE TUBE BANKS 


Flow Parallel to Axis 


Pressure drop for turbulent flow outside tube banks with the liquid flowing parallel to the 
axis of the tubes is calculated by Eq. (4). The friction factor (f) is evaluated from Fig. 1.5.2. 
The Reynolds number is: 


(6) 


where b’ is the wetted perimeter per unit of flow area. 


1 References appear at end of chapter. 
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Fig. 1.5.1—Relative Roughness vs Equivalent Diameter. Reprinted from L. F. 


Moody, Friction Factor for Pipe Flow, Trans. Am. Soc. Mech. Engrs., 66, 1944. 
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Fig. 1.5.2—Friction Factor vs Reynolds Number. Reprinted from L. F. 


Moody, Friction Factor for Pipe Flow, Trans. Am. Soc. Mech. Engrs., 66, 
1944. 
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Flow Normal to Axis! 


The friction pressure drop for isothermal turbulent flow across tube banks is given by: 


AP _fiNVinax 


“on > (7) 
where N = number of rows of tubes 
Vmax = Maximum velocity based on the minimum free area 
The friction factors for unstaggered tubes are calculated from: 
08 Padtateds 9 sie *o “Umax 0.15 
IN-LINE TUSES STAGGERED TUBES 
TUBE OI AMETER UBE OI AMETER 
oa oe 
O O O amd O O O 
0 0 O OS NUMBER [a . 0 oO NUMBER 
LONG! TUOINAL OF ROWS LONGITUDINAL OF ROWS 
PIT PITCH 
I O O O O TRANSVERSE | O O O 0 TRANSVERSE 
PITCH ; | PITCH 
FLOW FLOW 
where n = 0.43 + 1.13/x, (9) 
X, = ratio of longitudinal pitch to tube diameter 
x, = ratio of the transverse pitch to tube diameter 
Pitch is defined as the center-to-center distance between tubes. 
The friction factors for staggered tubes are calculated from: 
0.11 Do Gnax] 
f= 4] 0.23 ae — 1)! eT] —- = (10) 


RANDOMLY PACKED SPHERES 


The local pressure gradient through a cylindrical bed of randomly packed spheres may 
be calculated according to the equation:* 


f.LG’ 


AP =~*+——_ 
26, D, 


(11) 


where G is the apparent mass velocity based on the total cross section of the bed and D, is 
the diameter of the spheres. Values of f, are shown in Fig. 1.5.4. At Npe of about 50,000, 
f. approaches a constant value of 16, where all pressure loss arises from form resistance, 
causing changes in flow cross section. 


APPLICATION TO PIPING AND PLENUMS 


A convenient method of estimating pressure drop in a turbulent flow system is to use the 
velocity-head concept. In a turbulent flow system, friction losses can be visualized in terms 
of the kinetic energy of the fluid flowing. This can be shown from Eq. (4) since the kinetic 
energy per pound of fluid is: 


62 


CHAP. 1.5 


HYDRODYNAMICS 


"6F6T ‘82 oune ‘SE 

-OdH WopZupy pezun ‘I ‘serzaydg paxovg ATwopuey ysno1y} MOL_ pIniZ uy ssoy 
aINSSdIg PU JaJSUBI] JIH Oy ‘Te Je uoyuIGg °H *M WOJJ pazufaidey ‘sareydg 
paxyovg A[Wopury 10J 1aquiny sprouAsy sa (*J) 103087 UOTJOJIG— PC] ‘BIT 


n 


“YSSWNN SATONAZY 
d°GA 


508 Ot 505 204 


SSSTSES SD 
cls ee ee ee ee Tre. 


WE TWEE Zao - HTT nh NC 


701 


"is ‘yOLoVd woNagiad ° 


63 


CHAP. 1.5 WATER-COOLED SYSTEMS 


kinetic energy _ V’_ (12) 
pound 2g. 

and P is proportional to V*/2g,. The kinetic energy can, in turn, be expressed as a pressure 
differential by introducing density: 


p< (13) 


where P, is the velocity head in pounds force per square foot (Ibe/sq ft) for a fluid moving 
at a velocity V. A plot of velocity head for water expressed in pounds per square inch (psi) 
as a function of temperature and velocity is shown in Fig. 1.5.5. 


FLOW IN PIPES 


The isothermal frictional pressure drop can now be written in terms of velocity heads 
as: 


Es. 
Ny =O vijoe. ip (14) 


where N, equals number of velocity heads lost and f is obtained from Fig. 1.5.1. 

For rapid estimation of pipe-friction pressure drop in a flow system where Np, lies in 
the range 5,000 to 1,000,000, an average value of f equal to 0.022 may be used for clean, 
commercial-steel pipe. Using this value of f in Eq. (14), an L/D = 45 is obtained; that is, 

a length of clean, commercial-steel pipe equivalent to 45 diameters will have approximately 
one velocity-head loss within plus or minus 40 percent. 

Equation (1) for the flow of incompressible liquids can be revised for a general flow sys- 
tem in which a variety of frictional losses are encountered, providing the maximum velocity 
for each transition is the same: 


AP = (2s — 2) p £4 2g.  (N, +K, +K, +K,+K, +K, +...) (15) 


where N, =f L/D and K,, K,, K,, Ky, K, are loss coefficients for enlargements, contrac- 
tions, and the like. 


ENLARGEMENT LOSSES 


The frictional energy loss due to sudden and sharp enlargement of the flow cross section 
can be calculated according to the equation: 


ent pate " 


where V, = average linear upstream velocity 
A,/A;, = ratio of upstream flow area to downstream flow area. 
Values of K, are shown as a function of A;/A, in Fig. 1.5.6. 


CONTRACTION LOSSES 


The frictional energy loss due to sudden and sharp contraction of the flow cross section 
can be calculated with the equation: 
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Fig. 1.5.5 —Velocity Head of Saturated Water as a Function of Velocity and 
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Fig. 1.5.6 — Loss Coefficient for Sudden Enlargement. Submitted by Argonne 
National Laboratory, June 30, 1952. 


V3 
F, - K, 26. (17) 


where V, = average linear downstream velocity. 
Values of K, are shown in Fig. 1.5.7. 


RADIUS-BEND LOSSES 


The frictional energy loss due to 90-degree bends may be calculated according to the 
equation: 


y? 
F =K,—— (18) 
b b 2g. 

Figure 1.5.8 shows values of K, as a function of bend geometry. Values are shown plotted 
against the ratio of bend radius (from center of bend to centerline of pipe) to inside pipe 
diameter. 

Figure 1.5.9 shows the effect of bend angle on K;, at Ne. = 2.25 x 10°. 
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MITER-BEND LOSSES 


The frictional energy loss due to miter bends may be calculated by means of the follow- 
ing equation: 


F. =K vor F =K,_=—— (19) 


Figure 1.5.10 gives the values of K, and K, as a function of the angle of the miter bend 
and for various combinations of bends connected by straight pipe. The values are given for 
a Reynolds number of 2.25 x 10°. 


LOSSES DUE TO VALVES AND FITTINGS 


The frictional energy loss through screwed valves and fittings can be calculated accord- 
ing to the equation: 


= K-— (20) 
Values of K, are given in Table 1.5.3 in the column designated “Equivalent Velocity Head.” 


TWO-PHASE-FLOW PRESSURE DROP 


BASIC EQUATIONS 


The general equation for homogeneous (no slippage), two-phase flow may be written in 
differential form as: 


_vap = {dL vale 3 


+= dz 21 
2g _D, (21) 


or: 


2 2 
_qp = ViGdl , Gdv , g dz (22) 
2¢.D. g.. g v 
The over-all pressure drop is then: 
2 fal | Ge £/" 
P, — Zz 23 
la re ers a : -A] + ” (23) 


The first two terms on the right hand side of Eq. (23) are the frictional pressure drop and 
momentum pressure drop, respectively. The last term is the change in hydrostatic head in 
the vertical direction “z.” For vertical, two-phase flow upward with constant heat genera- 
tion along a tube with saturated water at the inlet and equal steam and water velocities at 
any cross section (no slippage) with exit quality of x, the last term in Eq. (23) is evaluated 
as follows: 


_ 1 XVfg 
l pdz “a, — Z) loge 1 ai (24) 


The first two terms of Eq. (23) may be evaluated either according to the Martinelli- 
Nelson‘ method or according to the method developed at Hanford.® 
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Table 1.5.3—Pressure Drop for Turbulent Flow Through Screwed Valves and Fittings 


(Reprinted from ‘‘Velocity Head Simplifies Flow Computation,’ by 
C. E. Lapple. By permission from Chem. Engr. 56, May 1949.) 


Pressure drop* 


Equivalent ve- 

Type of valve or fitting Equivalent L/D locity head (Ky) 
Couplings 2 0.04 
Unions 2 .04 
Gate valves + 

Open 7 0.1 

‘/, open 40 8 

% open 200 4 

, open 800 15 
Glove valves,f bevel seat 

Open 350 6 

% open 550 10 
Composition disk 

Open 330 6 

‘4 open 500 9 
Plug disk 

Open 500 9 

*/, open 700 13 

, open 2000 35 

1, open 6000 110 
Angles valvest 

Open 170 3 
Y or blow-off valvest | 

Open 170 3 
Check valvesf{ 

Swing 110 2 

Disk 500 10 

Ball 3500 65 
Water meters 

Disk 400 8 


* Pressure drop is expressed as straight pipe of same nominal size as the fitting. 
Where the pressure drop is expressed as L/D, L is the equivalent length (feet) of straight 
pipe and D is the inside diameter (feet). Where the pressure drop is expressed as velocity 
heads, the velocity in the pipe is based on the nominal diameter of the fitting 

t Flow direction through valves has negligible effect on pressure drop 

t Values apply only when check valve is fully open, which generally is attained at pipe 
velocities over 3 ft/sec for water 
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MARTINELLI-NELSON METHOD OF PREDICTING TWO- PHASE PRESSURE DROP 


The friction pressure drop for two-phase isothermal flow may be written as: 


Ae dPypr 
sry <a, (A2ze2] _ 


Values of [dP pp /dP, ] as a function of pressure and quality are given in Fig. 1.5.11. 
Equation (25) may be used to calculate frictional pressure drop of a constant-quality mix- 
ture flowing through a horizontal tube of constant diameter. The velocity of the water and 
steam are not necessarily equal in this correlation. 

For the specific case of a horizontal, uniformly heated tube with constant heat input per 
unit length and saturated water at the inlet: 


2 
= 4Prpr G 


where r is a multiplication factor accounting for slippage of the steam in water as it affects 
the change in momentum pressure drop. 

Values of [AP..p,/A Pp ] as a function of pressure and exit quality are given in Fig. 1.5.12. 
This figure is the result of integrating the frictional term as indicated by Eq. (23) using 
point values of friction factor as given by Fig. 1.5.11. For equal velocities of water and 
steam, r in Eq. (26) is equal to the change in specific volume of the mixture during the 
acceleration. This is evident from a comparison of Eq. (23) and (26). For unequal veloci- 
ties (slippage), values of r may be obtained from Fig. 1.5.13. For vertical tubes, the fric- 
tion and acceleration losses from Eq. (26) may then be added to the loss in hydrostatic head 
to give total pressure drop. 


HANFORD METHOD OF PREDICTING TWO-PHASE PRESSURE DROP 


Hanford’ has developed a method for evaluating pressure drop of two-phase flow with 
heating through a horizontal tube. The method involves a stepwise calculation along a tube 
with a summation to give the total pressure drop. 

This method involves the use of the equation: 


1 1 

AP = C,W'-8y°-2Ly + Cw? x = 27 

1We'eem Wile Dh (27) 
where: 

Cs; 

1 

C; = A’g ~ (29) 
Cc 


The constant Cy, in Eq. (28) is defined by McAdams! in the equation for turbulent flow: 
C 
(N,.) 


where f is given in Fig. 1.5.1. 
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For smooth tubes, the value of C; in Eq. (30) is 0.184 for a range of Np, from 5,000 to 
200,000. 

Equation (27) is of the same form as Eq. (23). The first term is the frictional drop. The 
dynamic viscosity is evaluated as: 


feo o ee (31) 


The second term in Eq. (27) is the pressure loss due to the change in momentum of the 
flowing fluid and is based on equal steam and water velocities (no slippage). The constants 
C, and C, include the flow area. 


CALCULATION FOR POSSIBILITY OF SONIC FLOW 


In making any two-phase pressure-drop calculation, it should be determined that the 
exit velocity is less than the sonic velocity. If sonic flow (Ggoni-) exists within a channel, 
the Martinelli-Nelson method may be used to evaluate the two-phase pressure drop up to 
the position where the sonic velocity exists. The pressure loss at the end of a channel due 
to sonic flow can be evaluated from Fig. 1.5.14. For a given flow and given exit enthalpy, 
Fig. 1.5.14 shows the pressure just inside the exit, independent of the back pressure: 


vdP — =0 (32) 


Cc 


or: 
Ggonic = ¥—8eq (33) 


Values of Ggonic 28 a function of quality and pressure are shown in Fig. 1.5.14. It was 
assumed that (dP/dv) should be evaluated at constant entropy. 


EFFECT OF LOCAL BOILING 


The general effect of local boiling is to increase pressure drop above that existing with- 
out boiling. The increase is dependent upon pressure, subcooling, and heat flux and is, at 
this time, unpredictable. However, the increases are small compared to the increases that 
occur with net boiling. *® 


FLOW IN PARALLEL CHANNELS 


In heat exchange equipment containing many flow channels in parallel, each channel re- 
ceives a share of the flow, the amount of which depends upon channel geometry, the orienta- 
tion of the channels with respect to each other (as determined by the connecting headers), 
and the pressure-drop flow characteristic of each channel. The flow is governed by the 
total pressure drop across the channels. If the resistance to flow through any particular 
channel changes, the flow in that channel will change. This problem is obviously of primary 
importance in a heat exchange system of parallel channels using boiling water as the meth- 
od of heat transfer, but it also is important in a system transferring heat to liquid water by 
forced convection. Careful analysis of the latter systems should be made since the acciden- 
tal formation of steam in one channel of a heated parallel-channel arrangement may de- 
crease the flow of liquid water in this channel, thereby causing more steam to form. The 
additional resistance to flow may even cause the flow of liquid water to stop entirely, and 
burnout of a reactor channel may result. The condition for burnout, therefore, must be con- 
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sidered as part of the parallel-channel flow problem. In the case of a natural-circulating 
system, a more complicated problem is encountered where steam formed in one channel 
causes a flow stoppage in another channel. This case is discussed in this chapter under 
“Parallel Flow Channels in Same Vertical Plane.” 

No analytical methods are available in the literature for the solution of two-phase flow 
in parallel channels. There are procedures, however, for avoiding flow instabilities and 
dangerous operating conditions. The general practice is to design each channel for stable 
flow by introducing properly sized orifices in series with each flow channel, provided that 
an analysis of single-flow channels indicates the need for such orifices. 


PRESSURE DROP VS FLOW CHARACTERISTICS 


A typical curve for two-phase flow is shown in Fig. 1.5.15 for a given geometry, heat 
flux, inlet subcooling, and pressure. Also shown are the pressure-drop curves for liquid 
flow and vapor flow. It is recommended that the Martinelli-Nelson method be used to 
calculate the two-phase region of this curve. Although the shape of this type of curve has 
been experimentally verified, the analytical methods presently available do not check 
quantitatively to the experimentally measured pressure drops in all cases. 


Pressure Drop 
for Vapor 


PRESSURE DROP, AP 


7 
“~_ Pressure Drop 
for Liquid 


MASS FLOW RATE, W 


Fig. 1.5.15—Typical Flow Curves for Heating Water. Submitted by Argonne 
National Laboratory, June 2, 1952. 


At high flow rates the characteristic curve follows the liquid line. As the flow is re- 
duced with heat flux held constant, net boiling occurs, and the curve departs from the liq- 
uid line. Further reduction in flow causes more steam formation, and the curve approaches 
the vapor line. The manner in which the curve passes through the two-phase region de- 
pends upon the above mentioned variables. Fig. 1.5.15 shows two such paths: Curves A 
and B. 

Points 1 and 2 on Curve A indicate two possible conditions of flow at which the channel 
could burn out or overheat. At flows greater than given by points 1 or 2, the heat is being 
transferred either by boiling or forced convection with surface temperatures not greatly 
in excess of saturation. At flows lower than given by points 1 and 2, the heat transfer co- 
efficient decreases to a very low value, and surface temperature increases to very high 
values. These points cannot be calculated with presently available data and must be de- 
termined experimentally. In vertical channels with L/D ratios greater than 50 and heat 
fluxes less than 200,000 Btu/(hr)(sq ft), this overheating occurs when the steam quality 
is between 80 to 100 percent. 
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The general shape of the characteristic pressure-drop flow curve for each of the indi- 
vidual channels in parallel is the criteria for flow stability. The pressure drop across the 
parallel channels is also the pressure drop across each individual channel. The inter- 
section of a horizontal line, representing the header pressure drop or the pressure drop 
across the parallel channels, with the characteristic curve of each channel determines the 
flow and the character of the flow in each channel. If the horizontal line representing this 
header pressure drop intersects a channel characteristic pressure drop curve at more 
than one point, an unstable condition is indicated. This possibility of instability exists with 
channels having a multivalued curve (such as A, Fig. 1.5.15). Channels represented by the 
single-value curve B, are considered to be stable channels. 

Qualitatively, the general character of the pressure-drop curves can be obtained by inte- 
grating Eq. (22). The assumptions necessary in integrating the equation are a constant heat 
input, a horizontal tube, a constant friction factor for two-phase mixture, no slippage of 
steam through the water, no sonic discharge at the exit of the channel, and a sufficiently 
high absolute pressure so that the pressure drop across the channel will not appreciably 
affect the saturation pressure. The resulting Eq. (34) may be used to determine the effect 
of subcooling, pressure, and geometry. The equation should not be used where accurate 


values for two-phase drop are needed. 
Vig Q AHW? 
ere Ww - (34) 
hgg&cA Q | 


Differentiating Eq. (34) with respect to W gives the inflection point in the pressure-drop 
flow curve as a function of friction factor, L/D ratio, pressure, and inlet enthalpy.’ The 
condition for stability is: 
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The equation is shown in Fig. 1.5.16. These curves give the maximum permissible inlet 
enthalpy for flow stability with a given ratio of L/D and given pressure. In a system in 
which heat is being transferred, the condition for instability is independent of the heat trans- 
ferred. However, in an unstable condition, the degree of instability is dependent upon the 
heat transferred because the maximum pressure drop in the unstable region increases with 
heat input. 


PARALLEL FLOW CHANNELS IN SAME HORIZONTAL PLANE 


The condition of two-phase flow through parallel channels in the same horizontal plane 
is illustrated in Fig. 1.5.17. This figure shows two typical curves. Curve A is the pres- 
sure-drop flow characteristic of channels which are generating an average heat flux. Curve 
B is the pressure-drop flow characteristic of channels which have a higher-than-average 
heat generation. 

The header pressure drop is defined as the difference in static pressure between the in- 
let header and the exit header. This pressure drop occurs across all channels since they 
are in parallel. If this pressure drop should fall as low as the minimum point on curve B 
of Fig. 1.5.17, the flow in the hot channel would be too greatly reduced, and the channel 
would burn out as defined above. Burnout occurs since the pressure drop at burnout is 
higher than the available pressure drop. 
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Pressure Drop for 
Hot Channels 


| 


Points 


A Channels 


(W) Flow in 
Average Channels 
Which Causes a Burn- 
out in Hot Channels 
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Fig. 1.5.17— Burnout with Two-phase Flow. Submitted by Argonne National 
Laboratory, July 2, 1952. 


PARALLEL FLOW CHANNELS IN SAME VERTICAL PLANE 


The parallel-flow problem is further complicated in that various orientations of the 
channels with respect to the vertical will affect the flow distribution in parallel channels. 
This is true in cases where the hydrostatic head becomes a sizeable amount compared to 
the friction and acceleration pressure losses, such as might occur in natural-circulating 
systems with steam generation. An example is the emergency cooling system of a water- 
cooled reactor. 

If the channels are in any position other than vertical, density differences between the 
inlet and exit headers will affect the flow distribution. In fact, the flow may actually re- 
verse in some channels. 

In order to demonstrate the effect of headers, consider the two channels A and B in 
Fig. 1.5.18. The static pressure drop between points 1 and 2 through channel A is equal 
to sum of the dynamic pressure drop and hydrostatic pressure drop. The dynamic pres- 
sure drop is defined as the sum of the friction and acceleration losses: 


P, — P, = AP, + [° p, sin 9dL = AP, +f, sin OL (36) 


where P, — P, = total static pressure drop between points 1 and 2 
AP, = dynamic pressure drop between points 1 and 2 
Pp, = density of fluid at any point in channel A 
6 = angle of orientation with respect to the horizontal 
L = length along channel 
B, = average density in channel A. 


If the headers are assumed large so that the velocities in the headers are small, the pres- 
sure drop between points 1 and 3 and between 2 and 4 will be largely hydrostatic pressure 
drop. Therefore: 


P, — P, %— Pj, 4 Cos 8 | (37) 
P,;— Py © AP, + by L sin 6 (38) 
P, — P, © d Poyt COB 8 (39) 
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Fluid Out 


Fluid In 


Fig. 1.5.18— Parallel Flow Channels. Submitted by Argonne National Labora- 
tory, July 2, 1952. 


Adding Eq. (37), (38), and (39): 
P, — P, * AP, + pg L sin 6+d cos 4 (p,,, — pip) (40) 
Equating (36) and (40): 


AP, +P, Lsin 6* AP, +p, L sin 8—dcos 6(p,, —p ) (41) 


out 


This equation could also have been written as: 


(Pin — Poutla = (Pin — Pout)p — 4 608 8 in — Pout ) (42) 


Equation (42) states that channel A has less pressure drop than channel B by an amount 
equal to the difference in hydrostatic head of the inlet and exit headers. If both channel A 
and B receive the same amount of heat, channel A will operate at a lower flow rate than 
channel B. A critical condition might occur if 9 were small, p,,; were small in comparison 
to pin, and d were large. Under these conditions, the right side of Eq. (42) could become 
negative causing a reversal of flow in channel A with resulting burnout of channel A. Ina 
single-phase system or in a system where the fluid is being pumped, this parallel flow 
problem probably does not exist. 


EFFECT OF ORIFICES 


In general, parallel-channel, water-cooled reactors operate in the non-boiling region. 
However, knowledge of the boiling characteristics of a particular reactor and an analysis 
of two-phase flow is essential to the safety of the reactor. A proper heat-transfer and 
fluid-flow analysis is the first step toward preventing burnout of any channel. The second 
step is to prevent reactor operation in an unstable flow region. 
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Orificing is one method of maintaining steady flow through a tube with a pressure-drop, 
flow-characteristic curve similar to that shown in Fig. 1.5.17, curve B. 

If the pressure-drop, flow-characteristic curve for a heated channel is rnultivalued, it is 
probable that burnout would occur when the flow decreases or when the heat input increases 
to the point where boiling begins. Using an orifice at the entrance to the tube would change 
the pressure-drop flow characteristic of the orifice and tube. By proper selection of orifice 
size, the curve with the orifice then becomes single valued. Curve A in Fig. 1.5.19 is the 


Pressure Drop Across C 
Orifice and Heated Pressure 
Channel Drop Acros 


Entrance, 
aay ae 


(W) at Burnout | / 


of Curve C 


PRESSURE DROP, AP 


Pressure Drop 


aie Across Heated 
es (W)/at Burnout Channel 


yf Curve A 
MASS FLOW RATE, W 


Fig. 1.5.19 —Effect of Small Orifice on Pressure Drop. Submitted by Argonne 
National Laboratory, July 2, 1952. 


pressure drop across the heated channel; curve B is the pressure drop across the entrance 
corrective orifice; and curve C is the sum of curves A and B or the pressure drop across 
the orifice and heated channel. Curve C is then the difference in header pressure between 
the entrance and exit header. The orifice for all of the channels is determined, therefore, 
by the orificing required for the channel with the maximum heat input, at the maximum 
possible power level expected. The flow which causes burnout is shown to have decreased 
by the installation of an orifice. This type of orifice will prevent unstable flow in all re- 
gions of operation. These tubes, therefore, could be designed to operate in the boiling re- 
gion. 

In many cases, the pressure drop, and consequently the pumping power, required to ori- 
fice for this much safety would be prohibitive, especially if the reactor were designed 
to operate in the single-phase region. Another method of orificing which does not require 
as much pressure drop across the orifice is based on the assumption of a momentary 
flow stoppage in a channel. Figure 1.5.20 shows the effect of a small orifice on pressure 
drop. The general practice is to design each channel for stable flow by ensuring that suffi- 
cient header pressure is available to sweep steam from the channel should boiling be initi- 
ated. It is postulated that the header pressure does not change but that some protection is 
needed to guard aginst the possibility of a momentary flow stoppage, such as that caused by 
a plugged channel. 

The typical multivalued pressure-drop curve is shown as curve CAB. The orifice curve 
intersects curve CAB at the design operating point. If the flow should momentarily de- 
crease to point E, the sum of the channel-pressure drop and orifice-pressure drop would 
be less than the header-pressure drop. The resulting excess pressure drop would restore 
the flow to point A. 

_ If the header-pressure drop should decrease, it may be shown from Fig. 1.5.20 that the 
orifice curve would then intersect channel curve CAB in three points. Operation of the 
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channel in the boiling region would be unstable. This type of orifice does not necessarily 
provide protection for design operation in the boiling region. It does afford some protection 
for a reactor designed to operate in the non-boiling region. The header pressure drop must 
not be permitted to decrease, however. If, as was done in Fig. 1.5.19, the pressure drop 
across the orifice is added to the pressure-drop curve for the channel, the resulting curve 
will in all probability be multivalued. 


Inlet Header Pressure Drop Across CC 


Pressure > Orifice At Entrance 


D ~ 


== 


, Design 
Pressure Drop _A Operating 


vailable To <i 


Restore Flow 
o Point A 


PRESSURE DROP, 4P 


Pressure Drop 
In Channel 
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Fig. 1.5.20— Effect of Large Orifice on Pressure Drop. Submitted by Argonne 
National Laboratory, July 2, 1952. 


A method recommended for sizing the orifice is to have an inlet header pressure, DD, a 
given percentage greater than the peak pressure, B, in the two-phase region. Several reac- 
tors are designed so that this increase is 30 percent. If the design operating point were at 
C or at higher flows, no orifices would be required for this method of protection. 

Since unstable operation is probably caused by a sudden increase in power or decrease 
in flow (which in turn causes the formation of vapor by boiling), it is possible to prevent 
boiling over a wide range of conditions by pressurizing the system. The pressure may be 
established so that no boiling would occur between the design power and twice design power 
or any other overload figure set by the controlability of the reactor. 

When mechanically feasible, advantage should also be taken of:natural circulation in the 
design of a reactor cooling system. Natural circulation has a tendency to act as a protec- 
tion, as do orifices. When steam is formed or water is heated it has a tendency to rise. 

It is possible that, even without the use of pumps, sufficient circulation could be induced 

to cool a reactor momentarily. For this reason, the flow should be upward. In upflow, the 
pressure-drop flow characteristic of a heated channel has less tendency to exhibit a multi- 
valued pressure-drop curve than downflow, and this also leads to a more stable condition. 
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CHAPTER 1.6 


Spatial Distribution of Heat Generation 


J. R. Dietrich and D. Okrent 


HEAT GENERATION IN FUEL ELEMENTS 


The symbols used in this chapter are defined in Table 1.6.1. 

Of the total useful primary energy emitted per fission, some 91 percent appears as 
kinetic energy of charged particles (fission fragments and beta particles—see Volume 1, 
Table 1.2.17). The fission-fragment energy is converted to heat within a few thousandths 
of a centimeter of the fission site, and the relatively unimportant beta energy is converted 
within about a centimeter of the fission site. Consequently, the spatial distribution of heat 
production in the fuel elements may be taken, with sufficient accuracy, to be the same as 
the distribution of fission density in the elements. In most water-cooled reactors, fissions 
are caused almost entirely by thermal neutrons, and the fission-density distribution is 
proportional to the distribution of the product of #(thermal) and D;(thermal). Since the 
distribution of fissionable material in the fuel elements, and hence the spatial variation of 
2, is generally known, determination of the power distribution in the fuel elements reduces 
to determination of the thermal neutron flux distribution. Indeed, all water-cooled reac- 
tors which have to date reached an advanced stage of design employ uniform density of 
fissionable material in the fuel elements, and the initial power distribution is just pro- 
portional to the thermal flux distribution. This initial distribution is modified somewhat 
with time as non-uniform burnup of fissionable material and, in converter reactors, non- 
uniform production of new fissionable material proceeds. This effect is not large for the 
degree of burnup designed into current reactors. The possibility of employing non-uni- 
form fuel distribution to control the power distribution in fuel elements is discussed later. 


QUASI-HOMOGENEOUS REACTORS 


Included in this class are those reactors in which the fuel element-moderator-coolant 
structure is so fine-grained that no important change in neutron density occurs in going 
from, for example the center line of a typical fuel element, out through the fuel element, 
to the center line of the adjacent layer of moderator. This condition is met if at least one 
dimension of the typical fuel element is much less than one diffusion length. Most highly 
enriched reactors designed for high power density fall into this class. A typical example 
is the MTR. For such a reactor, the thermal flux distribution may be computed as though 
the fuel element-moderator matrix were an equivalent homogeneous region, and the power 
distribution in the fuel elements may be obtained from the product of the flux distribution 
and the local value of the fission cross section. 
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Table 1.6.1— Symbols 


Definition 


Extrapolated lengths of sides of a bare rec- 
tangular reactor in x, y, and z directions, 
respectively 

Equivalent bare half-length of reflected finite 
cylindrical core = half-length of core plus 
reflector saving at one end 

Average absorption of neutrons to form a 
emitters of type i 

Average absorption of neutrons to form f 
emitters of type i 

Average absorption of neutrons to form y 
emitters of type i 

Radius of flattened zone of cylindrical core 

Energy of a particles from emitters of 
typei 

Energy of 8 particles from emitters of 
type i 

Energy of y photons from emitters of type i 

Fraction of total available energy per fission 
emitted as kinetic energy of neutrons 
(~0.027 for U**) 

Fraction of total available energy per fission 
emitted as prompt y energy (~0.027 for 
25) 

Fraction of total available energy per fission 
emitted as delayed y energy (~0.032 for 
U2) 

Bessel function of the first kind, of argu- 
ment 9 

Multiplication constant of finite reactor, in- 
cluding effect of leakage | 

Multiplication constant of an infinite medium 
having the same material properties as 
those of the finite reactor being considered 

Thermal diffusion area for neutrons 

Neutron mean free path 

Materials Testing Reactor 

The local power density in a reactor 
core, computed as though the core were 
homogeneous 

Average power density over the entire 
reactor core 

Equivalent bare radius of reflected cy- 
lindrical core = core radius + reflector 
saving 

Radial coordinate in cylindrical coordinate 
system | 

Coordinates in the cartesian system 

Bessel function of the second kind, of 
argument 0p 

Probability that a gamma photon, emitted 
inside a sample of material, will be ab- 
sorbed inside the sample 


Units 


cm 


cm 


n/(cm') (sec) 
n/(cm*) (sec) 
n/(cm') (sec) 


cm 
mev 


mev 


mev 


cm 
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Table 1.6.1 — (Continued) 


Symbol Definition Units 
K2 Reactor buckling in a given, specified cm~? 
direction 
ye Radial buckling of a cylindrical reactor em~? 


=k, —1/L* +7 for an infinitely long cy- 
linder in one-group theory 


ye Energy attenuation coefficient for gamma cm-! 
radiation 

E Logarithmic energy decrement for elastic sen 
scattering of fast neutrons 

Zs Macroscopic scattering cross section cm-! 

Loi Average macroscopic thermal cross section cem~! 


for absorption of neutrons to produce a@ 
emitters of type i 

E Bi | . Average macroscopic thermal cross section cm-! 
for absorption of neutrons to produce B 
emitters of type i 

Lyi Average macroscopic thermal cross section em~! 
for absorption of neutrons to produce y 
emitters of type i 


Z, (thermal) Average macroscopic thermal fission cross em-! 
section 

$(r) Local neutron flux density n/(cm2) (sec) 

} : Neutron flux density averaged over reactor n/(cm?)(sec) 
core 

®,, Pihermal Thermal neutron flux density | n/ (cm?) (sec) 

$5, Sepithermal Epithermal neutron flux density n/(cm?)(sec) 

T Slowing down area for fission neutrons cm 


DISTRIBUTIONS IN BARE AND REFLECTED CORES 


Most practical reactor shapes may be approximated by a rectangular parallelepiped or a 
right circular cylinder. Sometimes, for general analyses covering a range of variables, it 
is convenient to approximate practical shapes by a sphere. The thermal neutron flux dis- 
tributions for homogeneous bare reactors of these three shapes are given in Table 1.6.2. 
The reactor dimensions are the extrapolated dimensions (Volume 1, Chapter 1.3). 

Practical reactors almost always have a reflector of some kind which modifies the flux 
and power distributions. Usually, the power distribution in a reflected reactor is computed 
by solving one of the group approximations to the reactor equation in the core and reflec- 
tor regions, with appropriate continuity conditions at the interfaces between regions. — 
These methods are discussed in Volume 1, Chapter 1.4. This chapter gives a physical 
description of the effects of reflectors on power distribution, with illustrative examples. 


Typical Features of Distribution in Reflected Reactor 


The effect of a reflector on the criticality conditions in a reactor can be described in 
terms of a reflector saving (Volume 1, Chapter 1.5). The reflected reactor behaves, 
reactivity-wise, as the equivalent bare reactor; i.e., as a uniform reactor whose boundary 
lies at a distance equal to the reflector saving beyond the boundary of the active core of 
the real, reflected reactor. The concept of the equivalent bare reactor is useful also in 
describing the flux distribution in a reflected reactor. The thermal flux distribution in the 
core of such a reactor will be the same as that in the equivalent bare reactor (Table 1.6.2) 
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Table 1.6.2 — Thermal Neutron Flux Distributions in Bare Homogeneous Reactors 
of Simple Shapes 


Reactor geometry : Flux distribution* 
Rectangular parallelepiped of extrapolated side length _ 1X Ty TZ 
A, B, and C in x, y, and z directions. Axis of co- Pa Sy COS COS COS 
ordinates at center of reactor 
Right circular cylinder of extrapolated length H and eet ae ™Z J ( 2.405 ") 
extrapolated radius R. Axis of coordinates at center , 0 H ? R 
of reactor 


Sphere of extrapolated radius R si “8 sin “ 


* @, is in all cases the central value of the flux, determined by the power level at which the 
reactor is operating 


to within a thermal diffusion length or two of the core-reflector boundary. In the regions 
closer to the boundary, the flux distribution will depend upon the detailed properties of 
both the core and the reflector. Typical features of the distribution in thermal reactors 
employing moderating reflectors are illustrated by the distributions shown in Fig. 1.6.1 
which were computed for an H,O reflected core composed of H,O, zirconium and enriched 
uranium. From the center of the core out to about two diffusion lengths (7cm) from the 
core boundary, the radial thermal flux distribution follows very nearly the Jy) variation 
typical of the cylindrica] reactor of the equivalent bare radius R,(= radius of core + radial 
reflector saving), and the axial distribution follows nearly the cosine variation typical of 
the equivalent bare half-length A,. Near the reflector, the thermal flux rises above the 
equivalent bare distribution, and in the case illustrated, peaks in the reflector. This rel- 
ative increase in the thermal flux results from (1) the moderating effectiveness of the re- 
flector being somewhat greater than that of the core and (2) the macroscopic thermal ad- 
sorption cross section in the reflector being less than that in the core. The ratio of the 
production rate of thermal neutrons in the reflector to the rate of loss (per unit thermal 
neutron flux) by absorption and leakage from the reflector is thus higher than the corre- 
sponding ratio in the core, and a maximum in the thermal neutron flux results. Evidently, 
the effect depends upon the relative magnitudes of the thermal and epithermal fluxes in the 
core as well as on the relative moderating effectivenesses and absorption cross section of 
the core and reflector (see below). Since the average epithermal flux in the case illus- 
trated is almost four times the average thermal flux, the peaking in the reflector is pro- 
nounced. 


Effect of Reflector Saving 


It is evident from the above discussion that if the ratio of core dimension to reflector 
saving is large the ratio of the central thermal flux to the minimum thermal flux in the 
core will also be large. This effect is illustrated by Fig. 1.6.2A which shows thermal flux 
distributions in similar Be-H,O cores’ with different reflectors. 


‘References appear at end of chapter. 
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Fig. 1.6.2— Computed Radial Thermal Flux Distributions in Cylindrical 
Be-U*5_H,O Cores with Various Reflectors. Reprinted from ORNL-133, Sept. 1, 
1948. BE: H,O = 1: 1 by volume; 416°F; length = diameter = 61 cm. Curve A, 
Effect of Reflector Saving: (1) 8-in.-H,O reflector; core loading 20 kg uU** plus 
sufficient uniformly distributed absorber for. criticality; (2) 8-in.-Be reflector; 
core loading 14 kg U?*®. plus sufficient uniformly distributed absorber for crit- 
icality. Curve B, Effect of Moderation in Reflector: (1) 8-in.-H,O reflector; 
core loading 20 kg U™5 plus sufficient uniformly distributed absorber for criti- 
cality; (2) 8-in.-Fe reflector; core loading 20 kg U*** plus sufficient uniformly 
distributed absorber for criticality. 
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In reactors designed for high average power density the use of a good, moderating re- 
flector is often more important for the purpose of achieving a low maximum : average 
power ratio than for the purpose of reducing critical mass. Curve (2) of Fig. 1.6.2A 
illustrates the point that a moderating reflector with large saving, when used on a small 
core having a high ratio of epithermal to thermal flux, can cause the power peak at the 
edge of the core to exceed that at the center. This result is usually undesirable. The 
effect can be controlled by a of the reflector thickness as well as by adjustment 
of the reflector composition. 


Non-moderating Reflectors 


If a non-moderating reflector is used, the thermal flux distribution does not rise above 
the curve for the equivalent bare reactor. If the thermal absorption cross section for such 
a reflector is relatively high (e.g., as for iron), the thermal flux may drop considerably 
below the equivalent bare distribution near the edge of the core. Figure 1.6.2B compares 
computed radial thermal flux distributions in water-reflected and iron-reflected cores. 
The two distributions differ widely near the core boundary even though the iron reflector 
saving is only slightly less than that of the water. It may be noted that a non-moderating 
reflector can provide appreciable reflector savings on a reactor having a high fast-neutron 
leakage even though the thermal absorption cross section of the reflector be large. 


Effect of the Ratio Sgpitnermal/®thermal 


As pointed out above, the height of the thermal neutron peak in a moderating reflector 
relative to, for example, the general level of thermal flux in the core depends upon the 
relative magnitude of the epithermal leakage from the core into the reflector. This de- 
pendence can be illustrated by the change in thermal flux distribution resulting from a 
change in the (uniform) loading of fissionable material in a given reactor. As the loading 
is changed, the average epithermal flux in the reactor, and the epithermal leakage at a 
given fission rate (power level) will change only slightly. The average thermal flux at a 
given power level will, however, vary inversely as the loading [i.e., Sthermal = const x 
(Reactor Power/Loading of Fissionable Material)]. Thus, the ratio of thermal to epi- 
thermal flux will vary roughly inversely as the loading, and large changes in loading may 
produce marked effects on thermal flux distribution. Figure 1.6.3A shows computed 
radial thermal and epithermal distributions in a water-reflected beryllium-water core 
containing 2.6 kg of U** (the clean critical mass). The maximum thermal flux is about 
58 percent as high as the maximum epithermal flux. There is a marked divergence of the 
thermal flux from the equivalent bare distribution near the core boundary, but no peaking 
(i.e., the derivative of the flux remains negative in the core). Figure 1.6.3B shows the 
computed flux distributions in the same core loaded with 20 kg of U***. (Sufficient thermal 
absorber is added to the core to maintain criticality.) The maximum thermal flux is now 
only 7.5 percent as high as the maximum epithermal. In fact, if the thermal flux is multi- 
plied by the ratio 20 kg/2.6 kg the resulting product is in about the same ratio to epither- 
mal flux as was the thermal flux in the 2.6-kg core, except near the core boundary. There 
is now a very pronounced rise in the thermal flux near the boundary. 


Accuracy of Calculations of Flux Distribution 


Figures 1.6.4 and 1.6.5 show comparisons of computed and measured thermal flux dis- 
tributions in Al-H,O (MTR)* and Zr-H,O critical assemblies. The water-reflected 
reactors (Figs. 1.6.4A and 1.6.5) have been treated only by two-group calculations. Part 
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Fig. 1.6.3 — See facing page for legend. 
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Fig. 1.6.3 — Computed Radial Thermal and Epithermal Flux Distributions in 
Cylindrical, Water-Reflected, Be-U*“°-H,O Cores with Different U** Loadings. 
Reprinted from ORNL-133, Sept. 1, 1948. Be: H,O = 1:1 by volume; 416°F ; 

length = diameter = 61 cm; 8 in. H,O reflector. Curve A, U?** loading = 2.6 kg 
(clean critical mass); reflector saving = 6.8 cm. Curve B, U**"* loading = 20 kg plus 
sufficient uniformly distributed absorber for criticality; reflector saving = 7.2 cm. 
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Fig. 1.6.4— See facing page for legend. 
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Fig. 1.6.4— Measured and Calculated Radial Distributions of Thermal Neutron 
Flux in MTR Critical Assemblies. Reprinted from MonP-402, Oct. 29, 1947. 
Curve A, H,O reflector, two-group calculations. Curve B, Be reflector, two-, 
three- and four-group calculations. 
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of the discrepancy between calculation and experiment in Fig. 1.6.4A results from the fact 
that the criticality calculation did not predict the correct position of the core boundary. 
Inasmuch as computation seems to predict too high a thermal flux peak in the reflector in 
Fig. 1.6.4A and too low a value in Fig. 1.6.5, it seems as likely that the discrepancies 
represent inaccuracies in reactor constants or in measurement as that they indicate in- 
adequacy of the two-group model for flux computations. It may be noted that neutron 
transport calculations by the spherical harmonics method indicate that diffusion theory 
underestimates slightly the thermal flux rise near a boundary between water and core 
material (see Fig. 1.6.8). 

When the equilibrium slowing-down distribution in the reflector material is much dif- 
ferent than that in the core material, it is hardly surprising if two-group calculations fail 
to give correct flux distributions. Figure 1.6.4B compares two-, three-, and four-group 
calculations for such a case with the measured distribution. The three-group calculation 
fits the measured distribution better than either the two-group or the four-group. This 
result suggests that more may be gained by improving the constants to be used in three- 
or four-group theory than by using a larger number of groups. 

It may reasonably be concluded from the relatively few cases in which calculated flux 
distributions have been checked by experiment, that if a two-group or multi-group calcu- 
lation predicts critical mass correctly it will predict the power distribution in the core 
with sufficient accuracy for determining heat-removal requirements. An exception would 
be a reactor in which the power distribution near the core boundary is of primary impor- 
tance, either because the power peak at the core boundary is the highest in the core, or 
because of thermal expansion difficulties arising from the steep power gradient. 


Flux Distributions in D,O-moderated Reactors 


Few D,.O-moderated reactors in the quasi-homogeneous class have been investigated 
in detail. The general features of flux distributions discussed above hold also for D,O- 
moderated reactors. In general, diffusion lengths in D,O-moderated reactors will be con- 
siderably longer than those in H,O-moderated reactors, and flux perturbations caused by 
the reflector will extend farther into the core. If reasonably thick D,O reflectors are 
used, quite large reflector savings may be realized—up to perhaps 40 cm in practical 
cases. The combination of these two characteristics—long diffusion length and large re- 
flector saving — makes it feasible to attain quite flat power distributions in simple D,O- 
moderated cores up to three feet or more in diameter. Some measurements of flux distri- 
butions in U**-D,O critical assemblies have been reported,’ and flux distributions in 
D,O-reflected, H,O-moderated reactors were made in connection with MTR critical ex- 
periments.‘ A design study of a small, enriched, D,O-mcoderated power reactor has been 
made which contains calculated power distributions,’ and subsequent studies of the same 
general type of reactor contain further computed (two-group) flux distributions and curves 
of reflector savings. °® 


EFFECTS OF CONTROL ELEMENTS 


Since all types of control elements must be capable of varying the neutron balance in the 
reactor in order to fulfill their purpose, they will all modify the neutron flux distribution 
to a greater or lesser degree. To date, only absorbing rods and plates have been used as 
control elements in water-cooled reactors. They are usually, but not necessarily, black to 
thermal neutrons and may also have significant absorption in the resonance energy range. 
Since the effect of such a control element is to depress the thermal neutron flux in its 
vicinity, the elements should, in the interests of achieving flat power distribution, be in- 
stalled in the regions of maximum thermal flux. The choice of the maximum flux regions 
is also dictated by control considerations since it results in maximum rod effectiveness 
(exception: if the maximum flux region is near the edge of the core—see discussion of 
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importance functions in Volume 1, Chapter 1.6 for more quantitative treatment of this 
subject). In fact, it can be shown that approximately maximum effectiveness can be ob- 
tained from a group of rods if the rods are so located in the reactor as to produce the 
flattest possible flux distribution.’ 


Symmetrical Calculations; Cell Approximations 


If a single, round control rod at the center of the reactor is used, the resulting flux 
distribution can be computed by a straightforward application of two-group theory. Ifa 
reasonably large number of identical control rods are installed in a uniform lattice 
arrangement, the reactor region containing the control rods can be divided into a number 
of approximately equal “cells,” each containing a control rod along its axis. The approxi- 
mate flux distribution within a typical cell can be computed by a group method on the 
assumption that the neutron current is zero at the cell boundary. The gross flux distri- 
bution over the reactor can be computed on the assumption that the region of the reactor 
composed of the cells constitutes a separate, effectively homogeneous region with appro- 
priate average properties. Detailed discussions of the cell method are contained in Volume 
1, Chapter 1.6 and in reference (7). 


Off-center Rods; the Nordheim-Scalettar Method 


If the number of control rods is small, if all the rods are not identical, or if the spacing 
is not such as to allow the identification of a typical “cell,” a more general method of flux 
computation is required. The two-group Nordheim-Scalettar method® has been frequently 
employed. This method imposes no restrictions on the number, placement, or variation 
in size of control rods inserted in the axial direction in a cylindrical core. The labor of 
computation may, however, b° great if many rods are used in an arrangement of poor 
symmetry. The method has two deficiencies: It usually applies the boundary condition on 
the thermal neutron flux at only one point on the rod surface, and it applies no boundary 
condition on the epithermal flux at the rod except that the flux remain finite at the rod cen- 
ter. The first of these deficiencies may not be serious if the rods treated are round, since 
the treatment inherently fits the boundary condition on an approximate circle if the con- 
dition is applied at one point on the circle. An extension of the method is available,’ which 
provides for boundary conditions at additional points. The second deficiency results in an 
apparent fast-neutron current into the rod which has no counterpart in fact. As a result, 
the calculation tends to overestimate the effectiveness of rods. The discrepancy can be- 
come quite large if the rods are large or if the epithermal flux in the reactor is very 
much higher than the thermal flux. It is generally advisable before applying the Nordheim- 
Scalettar method to a complex arrangement of rods to test it against a straightforward two- 
group calculation for the case of a single rod installed on the reactor axis. It would seem 
reasonable to presume that if the size of “Nordheim-Scalettar” rods is adjusted to give 
the same reactivity change as the actual rods the calculated resulting flux distributions 
would be reasonably accurate in most cases. More recent computation methods, which are 
fundamentally similar to the Nordheim-Scalettar method, provide for a more realistic 
boundary condition on the epithermal flux. '®-1! 

Figure 1.6.6 is a flux distribution computed by the Nordheim-Scalettar method for a 
water-reflected core composed of H,O, zirconium, and enriched uranium, and containing 
six fully-inserted round control rods.” The flux flattening produced by the rods is evident 
if Fig. 1.6.6 is compared with Fig. 1.6.1A. The degree of flattening produced by such a 
ring of strong control rods (the rods are worth about 3 percent kyr each) is quite sensitive 
to the distance from the core axis to the rod axes; a change in this distance of one diffu- 
sion length can change drastically the ratio of the height of the central flux peak to the 
height of the flux peak outside the ring of rods. The optimum rod position for flattening 
‘depends on the size and effectiveness of the rods and on the reactor constants.'*:"* 
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It is the usual practice to reduce the labor involved in computing flux distributions with 
control rods by solving the problem for the equivalent bare reactor, where the boundary of 
the equivalent bare reactor with rods is assumed to be the same as the boundary of the 
equivalent bare reactor without rods. In the case of Fig. 1.6.6, the equivalent bare com- 
putation gives a flux distribution that is identical with the reflected distribution except 
near the core boundary. This result would be expected so long as the rods are far from 
the core boundary. 

Derivations of the Nordheim-Scalettar equations and of the modified Nordheim-Scalettar 
equations are available for a number of specific cases.*’!*:'6 


Non-circular Rods 


In calculations of the heat-removal requirements of reactor fuel elements, the details 
of the flux depression very near the control rod are not usually important. Consequently, 
it is usually permissible to replace rods of inconvenient shape by equivalent circular rods, 
i.e., by circular rods which produce the same change in reactivity. If experimental data 
which indicate the correct equivalent circular rod are not available, estimates may be 
made by methods’ which neglect the slowing-down of fast neutrons near the rod, or a nu- 
merical computation may be made by relaxation techniques!"’" to determine the equiva- 
lent circular rod for any specified rod shape. | 

Figure 1.6.7 shows the result of a calculation by the relaxation method of a cross- 
shaped rod of 43/, in. span.!? The calculated diameter of the equivalent circular rod is 
3.68 in. Reference (7) would give 3.65 in. for the same rod. Experimental measurement 
in a H,O reflected, Zr —H,O—U** critical assembly showed an equivalent diameter of 3.5 
in. The measured rods, a cadmium-silver alloy, absorbed appreciably in the resonance 
range, whereas the calculations were made for pure thermal absorbers. 


PARTIAL INSERTION OF CONTROL RODS 


Control rods when fully inserted do not affect the axial flux and power distributions in 
the reactor except insofar as the rods may change the reflector saving and the behavior 
of the thermal flux near and in the reflector. If the rods are only partially inserted, how- 
ever, they tend to cause a depression in the general level of the flux in the region of the 
core penetrated by the rods in relation to the rest of the core. The resulting axial flux 
pattern, instead of having the basically cosinusoidal shape symmetrical about the central 
plane of the core, becomes unsymmetrical with the maximum displaced in the direction 
away from the control rods. Although a certain degree of assymmetry of this type may be 
beneficial for heat removal if properly integrated with the cooling design, a large effect, 
which may result if the partially-inserted rods control several percent reactivity, can re- 
sult in a severe power peak. 

No practical general method has been developed for calculating the three-dimensional 
flux distributions in reactors with partially inserted control rods. Ideally, the complete 
flux distribution could be computed for such a reactor by numerical methods such as the 
relaxation method. Such calculations are exceedingly laborious. As yet, no thorough in- 
vestigation of the capabilities of high-speed automatic digital computers for this problem 
has been made. In many cases, approximate methods (see below) are considered suffi- 
ciently accurate for practical purposes. 

Since absorbing control rods produce flux depressions rather than flux peaks in their 
vicinity, it is not usually necessary to know the detailed flux distribution near the control 
rods to design heat-removal systems. Often, satisfactory approximations to the general 
distribution can be computed by spreading the effects of the rods over a suitable volume, 
the boundaries of which are such as to simplify the application of boundary conditions, 
e.g., by extensions of the “cell” techniques. 
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Fig. 1.6.7— Thermal Flux Contour Map Surrounding a Cross-type, Thermally- 
black Control Rod in an Infinite Medium of Zr-H,O-U™> Core Material. Redrawn from 
ANL-4795, Mar. 15, 1952. Computation by relaxation treatment of thermal neutron 
diffusion; slowing-down density assumed constant outside the rod. Numbers on con- 
tour lines indicate flux resulting from slowing-down density of 1 neutron/ (cm’) (sec). 


EFFECTS OF WATER HOLES 


It has been pointed out above that if a core having a high ratio of epithermal to thermal 
flux is surrounded by a moderating reflector of relatively low cross section, a maximum 
will be produced in the thermal flux in the reflector, and a power peak will occur at the 
core-reflector boundary. For the same reasons, the presence of any sizeable lump of 
low-cross-section moderator (e.g., water) in the core will cause a thermal flux peak in 
the moderator and a power peak in the adjacent core material. Such power peaks may be 
quite serious if they occur in regions of the core where the power density is already high. 
The control-rod channels in water-cooled reactors constitute such flux-peaking “water 
holes” if they are allowed to fill with water as the control rods are withdrawn. This situ- 
ation has been avoided in the MTR by attaching fuel elements to the ends of the absorbing 
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control rods located in the core. The control rod channel is thereby filled with material 
of approximately the same composition as the surrounding core when the control rod is 
withdrawn. 

Computation with sufficient accuracy for practical purposes of the flux peaking caused 
by “water holes” has not proved particularly difficult. A spherical harmonic calculation 
(up to the p, term) has indicated that diffusion theory gives reasonably accurate thermal 
flux distributions around water slabs of thickness one mean-free-path in an infinite medi- 
um of Zr-H,O-U2* core material.’® Figure 1.6.8 shows a comparison of thermal flux 
distributions computed by the spherical harmonic method and by diffusion theory. Flux 
distributions around single water holes of odd shapes can be computed by relaxation meth- 
ods using diffusion theory. Because small water holes, although they may perturb the 
thermal neutron flux drastically, do not produce a large change in the total (fast plus 
thermal) neutron population (i.e., they do not represent large reactivity changes), it is 
possible to superimpose the local thermal flux peak owing to a water hole upon the unper- 
turbed thermal flux distribution which would have existed if the water hole had been full of 
core material. It is also possible to superimpose to some extent the flux peaks resulting 
from neighboring water holes. 

Reactor designs have not, to date, required any detailed investigation of the effects of 
water (D,O) holes in D,O-moderated reactors. D,O slabs of 2- to 4-cm thickness have 
been computed by diffusion theory”?® for reactors having epithermal-to-thermal flux ratios 
of about two. The peaking at the core-D,O boundary is about 8 percent and 20 percent, 
respectively, for the two slabs. The effects extend quite far in the core material because 
of the long diffusion length, and it might be expected that by employing judicious design 
the effects of D,O holes might be kept unimportant in most D,O-moderated cores. 


METHODS OF IMPROVING POWER DISTRIBUTION 


If the characteristics of a reactor do not change greatly with time (i.e., if the reactivity 
does not change much because of burnup of fissionable material, formation of fission- 
product poisons, or for other reasons during the life of the reactor), it is not difficult in 
theory to achieve quite a flat power distribution by proper design. Improvements beyond 
those obtained by the use of a good reflector and judicious placement of control rods may 
be made by non-uniform distribution of absorber, fissionable material, or (conceivably) 
moderator. These improvements may or may not result in the requirement of larger crit- 
ical mass or improved fuel quality. It has been shown in Volume 1, Chapter 1.5 that the 
critical mass of the reactor can actually be minimized if the fuel is so distributed as to 
produce uniform thermal flux. This uniform flux distribution is achieved by concentrating 
the fuel near the center of the reactor. The power density is therefore not constant but 
rather concentrated near the reactor ceriter. If, however, the core is made up of identical 
fuel subassemblies separated by moderator, the spacing of the subassemblies can be de- 
creased near the center of the core to achieve a flat radial flux distribution with the result 
that the power output of all subassemblies is equal. This type of arrangement is of inter- 
est when moderator in excess of that required as coolant is necessary (for water-cooled 
reactors in the supercritical temperature range, and possibly for boiling reactors). 

If the core is constructed of close-packed subassemblies, uniform power distribution 
can be achieved by varying the fuel content of the fuel elements. Figure 1.6.9 illustrates, 
for a spherical reactor, the effect on power distribution of various fuel distributions, from 
the uniform distribution to that producing uniform power distribution.*! The curves are 
normalized to the condition that the reactor power output is limited by the maximum power 
occurring at any point. The upper set of curves shows the assumed fuel distributions, and 
the middle set the corresponding thermal flux distributions. The lower set of curves, the 
power distributions, are the products of the other two sets of curves. Listed also on the 
figure is the ratio of critical mass, for each fuel distribution, to the critical mass with 
uniform fuel distribution. 
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In a reactor which must provide for large changes in reactivity, the problem of provid- 
ing continuous flat power distribution is much more difficult because most types of control 
elements cause changes in power distribution as they change reactivity. This effect is 
minimized if the source of control is an absorber of adjustable concentration distributed 
uniformly in the reactor core. This type of control might be achieved in water-cooled re- 
actors if the absorber were dissolved in the coolant water. A practical system of this 
type has not been developed to date, 22.2 


A second possibility for control of water-moderated reactors is to compensate for re- 
activity changes by adjustment of the average temperature and density of the water mod- 
erator. 


HETEROGENEOUS (NATURAL-URANIUM AND LOW-ENRICHMENT) REACTORS 


The heterogeneous design is used in natural-uranium and slightly enriched reactors to 
reduce the resonance absorption by u?38. The reactor core is periodic in structure and 
can be considered to be composed of “cells” symmetrical about the fuel element. The 
gross flux distributions in the reactor can be computed, as for homogeneous reactors, 
using appropriate average properties determined by detailed analysis of a typical cell. 
The detailed flux distributions can then be approximated by superimposing the distribution 
ina typical cell upon the gross distribution computed by homogeneous reactor theory. Such 
calculations are discussed in Volume 1, Chapter 1.5. 

The principles governing the gross flux and power distributions in heterogeneous re- 
actors are the same as those discussed above under “Quasi-homogeneous Reactors.” The 
quantitative characteristics of heterogeneous reactors are, however, sufficiently different 
to emphasize different aspects of the power-distribution problem. These differences are 
most pronounced in graphite-moderated and D,O-moderated reactors; some slightly en- 
riched, H,O-moderated designs begin to approach the compact structure characteristic of 
the quasi-homogeneous reactors. 

Some important characteristics of most heterogeneous designs are: 

(1) The size of the reactor core is usually rather large in comparison with the reflec- 
tor saving; the reflector is less effective in flattening the power distribution than in the 
case of a small, highly enriched reactor. 

(2) The epithermal flux is not usually much higher than the thermal flux, and the ther- 
mal flux peak at the core-reflector boundary is small or absent. This characteristic 
frequently does not apply to H,O-moderated cases. 

(3) In most cases, the cell structure is already so coarse that small departures from 
the typical structure (e.g., water holes) are not important. An exception occurs if the 
perturbation of structure exists very near the fuel element (see Wilkins Effect, in “Local 
Flux Distributions,” below). 

(4) Large changes in reactivity do not usually occur during operation of the reactor. It 
is therefore feasible, and customary, to employ spatial variations in the properties of the 
reactor to achieve advantageous power distributions. 

The characteristics of heterogeneous reactor power distributions are discussed in more 
detail in the following. 


RADIAL DISTRIBUTION 


For an infinitely long, unreflected, cylindrical core of uniform composition, the radial 
distribution would be a Bessel function of the first kind, that is, a Jo(xr), where x is de- 
termined by the L’, 7, and k. of the lattice. Presumably k,, would be larger than neces- 
sary to supply the leakage out through the periphery, and control rods or some fixed ther- 
mal absorber would be distributed throughout the core to keep the reactor critical. To 
flatten the power, a redistribution of the thermal poison is made. By shifting enough of 
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Fig. 1.6.9 —Distributions of Fuel, Thermal Flux, and Power in Spherical, 
Water-moderated, Water-reflected Reactors: Total Power Assumed Limited 


from NACA-RM-E52C11, 1952. 


Two-group calculations by electrical network reactor simulator. Numerical 


awn 


by Local Value of Power Density. Redr 


computation gives 3% higher critical mass than that tabulated for the case of 


uniform power distribution. 


107 


CHAP, 1.6 WATER-COOLED SYSTEMS 


the absorber to the middle section of the core to make k., equal to unity there and by 
completely removing the poison from an annular band of thickness, t, which is determined 
by the L?, 7, and k,, of the lattice, the reactor can be kept critical but the flux distribution 
changed so that it is flat across the middle and more highly buckled (or curved) near the 
periphery. A comparison of the flattened flux and J, for the infinite cylinder are given in 
Fig. 1.6.10. The proper radius, 4, of the flattened zone is readily found from one-group 
diffusion theory. | 


Flattened 
Distribution 


Reflector Saving 


Active Core 


Fig. 1.6.10—Qualitative Comparison of Flattened Radial Flux Distribution 
with Unflattened [J,(xr)] Distribution. Submitted by Argonne National Labora- 
tory, Nov. 15, 1952. 


The solution for the flux in the annular region is: 
@ = AJ, (ur) + Yo(ur) (1) 


where: 


and A is a constant to be determined. Since the flux goes to zero at the outer radius R: 


_ Yo(uR) 
Jo(uR) (2) 


Now dé@/dr (r = a) must be zero for criticality. Hence: 


A= 


¥iyQua) _ Yo(uR) (3) 
Js(ua)  To(uR) | 
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If » and R are known, this transcendental equation may be solved numerically for a. 
If the reactor considered were a semi-infinite slab, the equation defining the thickness, 
t, of the buckled zone on each side of the flattened center would be: 


(4) 


If the reactor is not infinitely long, allowance must be made for leakage out the ends. 
Hence, k,, in the flattened zone must be slightly greater than unity. Also, the thickness of 
the buckled zone will increase slightly if the lattice has the same k,, L’, and T. 

If the reactor has a radial reflector, usually the equivalent bare core is considered 
(i.e., actual core plus reflector saving). The thickness of the buckled zone is found as be- 
fore, but now only part of it lies in the actual core. 

It is noted that the one-group solution may differ significantly from the most accurate 
two-group solution, and the latter might best be employed to check design choices. In 
Fig. 1.6.11, the results of one-group and two-group solutions for a “flattened” reactor 
are compared. It is seen in this case that the smaller L? in the buckled zone causes the 
two-group thermal flux to fall off slightly at the edge of the flattened zone. 


LOCAL FLUX DISTRIBUTIONS 


A distinctive characteristic of heterogeneous reactors lies in the local flux variation 
around each fuel element which is superimposed on the over-all flux distribution. Although 
the reactor lattice is generally square or hexagonal, it is common practice to “cylindri- 
cize” the lattice cell for calculation purposes. 

Another local perturbation on the thermal flux occurs in reactors using fuel elements 
in the shape of short slugs having end caps. The “Wilkins” effect**:*> occurs, whereby the 
small absorption and possibly large thermal mean-free-path of the end caps results ina 
higher flux at the ends of the slugs than the middle. This increase may range from 10 to 
39 percent, depending on the particular geometry. 


POWER DISTRIBUTIONS IN SPECIFIC REACTORS 


MTR 


Power distributions in the MTR are currently being measured. The radial distribution 
is variable according to the loading pattern used. Figure 1.6.4B is an approximation to the 
radial distribution with slab loading. The actual distribution is modified somewhat by the 
existence of various holes in the reflector.2® The axial distribution in a freshly loaded 
MTR core is quite unsymmetrical because of the partial insertion of control rods. It is 
estimated that the limiting total power output of the fresh core is about half that of the 
core when depleted enough to allow complete withdrawal of the rods. 


HEAT GENERATION IN OTHER CORE COMPONENTS AND MATERIALS 


Although the density of heat production in other parts of the core is usually much lower 
than that in the fuel elements, its computation may be fully as important because it speci- 
fies the amount of cooling required for the non-fuel-bearing parts of the core as well as 
the thermal stresses and strains experienced by those parts. 
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THE HEAT SOURCES 


The immediate source of heat is, in all cases, a charged particle which is being slowed 
down in the material in question. The common classes of such charged particles are: 

(1) High-speed electrons formed or ejected from atoms in the process of gamma-ray 
attenuation. The gamma rays may include secondary gammas from n — y reactions as well 
as the prompt and delayed fission gammas. 

(2) Atomic nuclei knocked-on by fast-neutron collisions. 

(3) a-particles formed in n — a reactions (e.g., in boron or lithium control rods). 

(4) B-particles emitted in the decay of radioactive isotopes formed by neutron capture. 
While these charged particles are the immediate heat sources, they all stem, ultimately, 
from the neutrons and gamma rays (prompt and delayed) emitted in connection with fission. 
The energies available in the primary fission gammas and neutrons are given in Volume 1, 
Table 1.2.10. The energies involved in secondary reactions (n— a, n—B, n—y) must be 
evaluated separately for the particular reactions in question. 


APPROXIMATE GENERAL EXPRESSION FOR HEAT GENERATION IN A PIECE OF 
MATERIAL EMBEDDED IN THE REACTOR CORE 


The following expression includes the common sources of heat in a sample of non- 
fissioning material embedded in a reactor core: 

Heat production per cm? = (neutron energy loss per cm” owing to elastic collisions) + 

(absorption of fission-gamma energy per cm?) + (absorption of energy from distributed 

secondary gammas per cm?) + (absorption of energy per cm* from secondary gammas 

produced in the sample itself) + (energy per cm? of n— @ and n — # reactions in the 

sample). 
The expression neglects inelastic scattering, which is usually unimportant in water- 
moderated reactors. The following gives approximate evaluations for the various terms 
of the above expression. The approximations are quite rough, and more accurate calcu- 
lations should be made if the result is at all crucial. It is assumed that the following 
quantities are known or can be approximated for the reactor in question: 

(1) P(r), the local total power density, computed as though the reactor were homogene- 
ous, and including the energy of the fission fragments, in watts per cm’, 

(2) P, the average total power density over the entire core, in watts per cm’, 

(3) ®,(r), the local thermal-neutron flux density. 

(4) @rc(r)/¢, the local distribution of fast-neutron flux. 


3 


NEUTRON ENERGY LOSS BY ELASTIC COLLISIONS 


Approximations: All fast neutrons slow down in the core; energy absorption in any 
material proportional to £2, where XZ. is evaluated at some “appropriate” energy: 


(Heating per cm? at r) = P #4(r) (2s sample 


E , watts /cm$ 
Pf (EXs)core 


Xs Should be evaluated somewhere in the region between 0.5 mev and 2 mev. This ex- 
pression gives only a rough estimate since 2, varies rather rapidly with energy in the 
neighborhood of 1 mev for the light elements. However, in many cases, the slowing-down 
energy is a small part of the total heating, and a rough estimate will suffice. If the rough 
relation indicates slowing-down energy to be important, more detailed calculations should 
be made. 
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ABSORPTION OF FISSION-GAMMA ENERGY 


Approximations: Local gamma energy absorption per cm? in core material = local 


gamma energy production per cm® when core material is assumed homogeneous in com- 
position: 


(Heating per cm? at r) = P(r) a pone [E, (prompt) + E,,(delayed)] watts/cm* 
core 7 


where sample 2Md Ucore are the energy absorption coefficients for gammas in the sample 
and in the core, respectively. , should be evaluated at 1 to 2 mev. The relation is good if 
the core is large and inhomogeneities (including the sample) small compared to 1/y. As 
written, the relation applies when the reactor has operated long enough for the delayed 
y-emitters to come to equilibrium. If this condition does not hold, Ey (delayed) may be 
modified by application of the delayed gamma decay data (Volume 1, Chapter 1.2). 


ENERGY FROM DISTRIBUTED SECONDAR Y-GAMMA SOURCES 


Approximations: The core material, including the secondary-gamma emitters, is hc- 


mogenized; local gamma energy absorption per cm® in core material = local gamma energy 
production per cm?: 


(Heating per cm’ at r) = 1.6 x 10718. Esample &. (r) > Evi watts/cm® 
U core ; 


where the 2; apply to the materials of the core. 
In applying the relation, 6, (r) should be the equivalent homogenized value; e.g., local 
flux depressions less than 1/p should be ignored (unless caused by the secondary-gamma 


emitters themselves). The relation applies when the core is large and inhomogeneities 
(including the sample) small compared to 1/y. | 


ENERGY FROM SECONDARY-GAMMA EMITTERS IN THE SAMPLE ITSELF 


Approximations: Only the average heat production per cm’ is evaluated. If the sample 
is a weak absorber (causes negligible flux depression): 


(Average heating per cm* of sample at r) = 1.6 x 10~ g@,(r) ¥ 24 E44 watts/cm* 
i 


where the 2; apply to the materials of the sample and 8 is the probability that a photon 

emitted in the sample will be absorbed in the sample. If the sample shape can be approxi- 

mated by a sphere, an infinite cylinder, or an infinite slab, 8 can be read from Table 1.6.3. 
If the sample is a strong absorber, the average absorption of thermal neutrons per cm? 


of sample per second (Ayi ) by the i type of y-emitter must be calculated by appropriate 
means, and: 


(Average heating per cm’ of sample at r) = 1.6 x 107" 6 A,,jEy; watts/cm* 
i 


ENERGY FROM N-a AND N-8B REACTIONS IN THE SAMPLE 


Alphas and, unless the sample is very thin, most betas emitted in the sample will pro- 
duce their heat in the sample. If the sample is a weak absorber: 


(Heating per cm® of sample at r) = 1.6 x 107'® 6, (r) F (LeiEoi = iE gi) 
i 
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Table 1.6.3 — Probability, 8, ThataGamma Ray Emitted Inside a Sample Having Absorption 
Coefficient » Will Be Absorbcd Inside the Sample 


Source uniformly distributed 


Source uniformly distributed?! over volume of sample over surface of sample 
Infinite cylinder Infinite slab of Infinite slab of 

uR Sphere of radius R of radius R thickness R thickness R 

0 0 0 0 0 

0.5 0.295 0.405 0.61 0.336 

1.0 473 .594 765 425 

1.5 .0990 .700 836 463 

2.0 662 .765 875 43) 


If the sample is a strong absorber, the absorption of thermal neutrons per cm? of sample 


per second by the i® type of alpha emitter (Agj;) and by the jth type of 8 emitter (Ag;) must 
be calculated by appropriate means, and: 


(Heating per cm’ at r) = 1.6 x 1078 J (AgiEuj + AgiEgi) watts/em® 
i 


The relations assume that all delayed emitters are in equilibrium. 


HEATING OF THE MODERATOR 


In water-cooled, water-moderated reactors, direct heating of the moderator is usually 
not of great importance. In graphite-moderated reactors, it may be important to know 
both the magnitude and the distribution of the heat produced in the moderator in order to 
provide proper cooling facilities. In large reactors, it may be assumed that all of the 
kinetic energy of the fission neutrons goes into the moderator. Primary and secondary 
gammas will be absorbed by both moderator and fuel slugs, roughly in the ratio ypmoder- 
ator/fuel slugs Per unit volume. This procedure will overestimate the gamma heating of 
the moderator in lumped reactors because of the self-shielding of the fuel slugs. This ef- 
fect can be estimated with the aid of Table 1.6.3. 

The gross distribution of moderator heating will follow nearly that of fuel-element 
power in large reactors. More detailed, intracellular distributions are not generally cal- 
culated, but the methods are straightforward if such calculations are necessary. 


HEATING OF CONTROL RODS 


GENERAL METHODS 


Generally, heat production in control rods has two main sources: gamma energy from 
distributed sources (fission and n—y reactions) in the surrounding core and energy from 
the neutron-absorbing reactions in the rod itself. Absorption of gammas from distributed 
sources may be estimated as indicated above. This procedure leads to some overestimate 
since it does not take account of the depression of both the fission rate and the n—y re- 
action rate near the rod. Reference (28) is an example in which this effect was computed. 


113 


CHAP. 1.6 WATER-COOLED SYSTEMS 


In estimating the energy production from neutron reactions in the rod, the number of 
neutrons absorbed per second by the fully inserted rod is usually known from calculations 
of the rod effectiveness. If n—qa@ reactions occur in the rod (e.g., boron, lithium), all of 
the emitted energy is absorbed in the rod. If n—y reactions occur, the fraction of the re- 
sulting energy absorbed in the rod must be computed. Simple cases can be estimated with 
the aid of Table 1.6.3. More complex cases must be computed in detail. If the shape of 
the rod is other than a circular cylinder, it may be necessary to compute the detailed 
distribution of neutron absorption in the rod, particularly if the reaction in the rod is 
n—a@, which will give a heat-production distribution identical with the neutron-absorption 
distribution. Such absorption distributions may be approximated by computations of the 
relaxation type (Fig. 1.6.7). 

If the control is inserted completely through the core of the reactor, the distribution of 
heat production (owing to both core gammas and neutron-absorption reactions in the rod) 
along the length of the rod will be the same as the gross distribution of heat production in 
fuel elements along a line parallel to the rod axis. The absolute value of the heat pro- 
duction must, of course, be determined from the total neutron and gamma absorptions of 
the rod. If the rod is inserted only partway into the core, the axial distribution of heat in 
the rod, to within a diffusion length (core material) or two of the tip, will be nearly the 
same as the general distribution of heat production in fuel elements, in the direction par- 
alfel to the rod axis. This distribution may, of course, be influenced by the presence of 
the control rod or rods. 

Far from the tip of a highly absorbing control rod, any given small length of the rod is 
“shadowed” by adjacent lengths. The material at the very tip of the rod is shadowed on 
only one side and consequently absorbs considerably more neutrons than the material a 
diffusion length or two from the tip. The tip of the rod receives also a relatively stronger 
dose of core gammas than do the points far from the tip. An estimate for the heating of 
the tip by core gammas Can usually be made by ignoring the flux depression caused by 
the rod in the surrounding core material. This always gives an overestimate but usually 
not an unreasonable one. 

Figure 1.6.12 shows the measured flux (copper foils) along a control rod slot in the 
CP-2 reactor.2? The control “rod” was a flat cadmium strip, 3 in. wide. It is estimated 
that the flux at the tip of the rod is higher by a factor of 1.4 than the flux at a point 10 
percent of the rod length back of the tip. 

Figure 1.6.13 shows calculated values of the normal gradient of the neutron density 
(proportional to the current into the rod) around the tip of a cylindrical rod, with a tir 
shaped as indicated, half-inserted in a reactor core.” The calculation is by the one-group 
approximation (i.e., neutrons assumed to be born thermal), and the rod shape results from 
the characteristics of the calculation method. The total absorption in the last diametral 
length of the rod is 1.9 times that of one diametral length located 10 percent of the rod 
length behind the tip. 

In a reactor having a diffusion length (L) considerably shorter than the slowing-down 
length (v7), e.g., in an H,O-moderated reactor, a better approximation is probably obtained 
by assuming the epithermal flux is undisturbed by the presence of the rod and computing 
the thermal flux distribution around the tip by relaxation methods. Figure 1.6.14 shows 
such a distribution for a cylindrical rod cut off square at the end of a Zr—H,O-—U*® core. 


RODS IN SPECIFIC REACTORS 


MTR 


The estimated production of heat by absorption of core gammas in a foreign material 
placed at the center of the MTR core is 3.4 cal/(gm)(sec).2® This would produce 38 cal/ 
(cm?)(sec) in a thorium control rod at the maximum point. A thorium rod containing 0.1 
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Fig. 1.6.13 — Calculated Relative Values of Normal Gradient of Neutron Flux 
(dn/dv) into a Cylindrical Rod with Tip Shaped as Indicated. Redrawn from 
CP-1235, Jan. 18, 1944. One-group calculation; rod black to all neutrons; rod 
of radius R is inserted axially to a depth of 100.6R into a bare cylindrical re- 
actor of radius 100R and length 200R. 
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percent converted U?** would produce 22 cal/(cm‘)(sec) of fission heat at the same (maxi- 
mum) point. Estimates for cadmium control rods are not given as their cooling is not 
crucial in the MTR design. 


HEAT GENERATION IN REFLECTOR, THERMAL SHIELD, AND REACTOR VESSEL 


Heat generation in the reflector is important for determination of cooling requirements 
if the reflector is composed of a solid material. Most high-power reactors require a ther- 
mal shield outside the reflector whose function is to attenuate the heat-producing radiations 
from the reactor for protection of either the reactor vessel, the biological shield material 
or both. The primary and secondary sources of heat energy are the same as those dis- 
cussed above in connection with heating of core materials. The computation of heating of 
materials outside the core is often more difficult, however, because the transport of energy 
from the reactor core to the point in question, through the intervening material, must be 
calculated. The energy attenuation involved is often rather large (factors of 10 to 10°), 
and the additional processes of inelastic scattering and absorption of fast neutrons, which 
are negligible heat sources in most water-moderated cores, may have to be considered. 

The methods of calculating heat generation in reflectors, themal shields, and reactor 
vessels are the same as those presented in Volume 1, Chapter 2.9 for the shield in general 
and will not be treated here. Details of design calculations which have been checked by 
experiment do not exist in published form. Reference (31) contains detailed calculations of 
reflector heating, but confirming experiments have not been made. The remainder of this 
chapter presents experimental data and estimates for specific reactors. 


ORNL LID TANK DATA 


Many of the ORNL shielding data, from both the Lid Tank and the Bulk Shielding Facility, 
are useful for heating estimates. The Lid Tank data®?-38 reproduced in Fig. 1.6.15 are 
particularly informative for water-moderated, water-reflected reactors. The gamma dose 
is plotted as a function of distance in water from the center of a thin-disc fission source. 
Plates of iron immersed in the water are interposed between the source and detector :at 
various positions. The fission source, which covers an effective area of 3970 cm’, operates 
at 6 watts. The effective power is reduced to about 3.6 watts by the shielding resulting 
from parts of the experimental assembly.*4 The heat production in a thin section of any 
material such as iron, which does not absorb neutrons strongly, is given by: 


Heat Production = 3.3 yD ergs/(cm*) (hr) 


where yp is the gamma energy absorption coefficient and D is the gamma dose in mr/hr. 
When the six iron slabs are placed immediately adjacent to the source they reduce the 
gamma dose by only a factor of 2.4 below that resulting from water alone. When the iron 
plates are moved back to leave 25.4 cm of water “reflector” between the source and the 
plates, the attenuation owing to the iron increases to a factor of 14.6. This is because 
much of the gamma intensity consists of secondary gammas arising from neutron ab- 
sorption. The thick water reflector insures that most of the secondary gammas are form- 
ed at points where they can be attenuated by the iron plates. The addition of boron to the 
water in the “thermal shield” reduces the secondary gamma intensity still more, curve (d). 


MTR REFLECTOR 


Figure 1.6.16 shows the calculated heat production in the beryllium and graphite refiec- 
tors of MTR and the heat production measured in a critical assembly mock-up of the re- 
actor.2® Slab loading, which should result in maximum density of heat production, was used 
in the core. 
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Fig. 1.6.15-—-Gamma Dose Behind Thermal Shields Composed of 2.22-cm 


Iron Slabs Separated by 1.3-cm H,O Layers. Drawn from Lid Tank Data from 


ORNL-CF-52-5-40 and ORNL-CF-52-5-41 both dated May 7, 1952. 
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CHAPTER 1.7 


Steady-state Heat Removal 


W. H. Jens and L. L. Kintner 


Thermodynamic analysis of stationary-fuel reactor systems can be divided into two 
phases: (1) a macroscopic study of the over-all reactor cooling system in which the re- 
actor may be treated as a heat source causing a temperature rise in the cooling water and 
(2) a microscopic study of the reactor itself in which a detailed examination is made of the 
fluid and metal temperatures that may occur within the reactor. 

In all reactor systems, whether for production, power, or research, the power-density 
level is limited by the capacity of the heat-removal system. In all cases, the heat-removal 
system must be analyzed to determine optimum operating conditions. 

The first (macroscopic) phase of the analysis is covered in Chapter 1.2, “Heat Dissipa- 
tion and Thermal Cycles.” In considering the complete system, the temperature of the 
heat sink, whether ambient air or cooling water, determines the lower temperature level 
of the entire reactor cooling system for a given reactor-system design and power level. 
Then, by relating successively the temperatures of the secondary and primary cooling 
fluids to the temperature of the heat sink, the fluid temperatures across the reactor as a 
point source of heat are finally obtained. The temperature of the heat source and the tem- 
perature level of the various intermediate heat flow paths to the heat sink establish 
themselves at levels required to transfer heat to the sink at the same rate as it is being 
‘generated at the heat source. 

Nomenclature and units used in this chapter are given in Table 1.7.1 and conversion 
factors are given in Table 1.7.2. 

A heat balance at the reactor relates the over-all reactor variables: 


Q = (Hoyt — Hin) W (1) 
When only liquid-water phase is used as the coolant, this relation applies: 

tou 
Q=W b. : Cp dt = Cp (tout = tin) WwW (2) 


The variables may be determined by the requirements or purpose of the design or the de- 
sign limitations. 

As shown in Eq. (2), reactor power increases with an increase in (1) average water- 
temperature rise (tout — tin), (2) total flow rate (W), and (3) specific heat (cp). Although 
the specific heat is fairly constant with temperature and is approximately equal to unity 
for water temperatures below 350°F, an increase in the outlet-water temperature (tout) of 
the reactor beyond certain low limits will increase the cost because the wall thicknesses 
of piping and pressure vessels must be increased to contain the increased pressure neces- 
sary to prevent (or reduce) boiling. 
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Table 1.7.1— Nomenclature and Units 
Definition' 


Flow area 

Area 

Mean heat flow area of bond 
Mean heat flow area of clad 
Outside heat flow area of fuel 
Outside heat flow area of scale 
Mean heat flow area of scale 
Specific heat 

Mixing factor, theoretical 
Orificing factor 


Ratio of the maximum water-temperature rise 


in a channel to the normal water-tempera- 
ture rise in that channel 

Ratio of the maximum temperature difference 
through a fuel element as compared to the 
normal temperature difference at this loca- 
tion 

Ratio of the maximum film-temperature dif- 
ference between the fuel-element surface tem- 
perature and the water temperature to the nor- 
mal temperature-difference at this location 

Heat transfer coefficient 

Enthalpy 

Thermal conductivity 

Thermal conductivity of bond space or bond 
alloy 

Thermal conductivity of clad 

Thermal conductivity of fuel 

Length along fuel element to position des- 
ignated by primes 

Length of fuel element 

Pressure 

Pumping power 

Heat transfer per unit time 

Heat transfer per unit time per unit length of 
fuel element parallel to flow 

Heat flux 

Volume heat generation 

Total reactor power output 

Radius 

Radius of fuel element at the inner surface of 
clad | 

Radius of fuel element at the outer surface of 
clad 

Radius of fuel element at the outer surface of 
fuel 

Radius of fuel element at the outer surface of 
scale 

Thermal resistance 

Thermal resistance of the bond between fuel 
and clad 

Thermal resistance of the clad 

Thermal resistance of fuel 

Thermal resistance of the water film 


WATER-COOLED SYSTEMS 


Unit* 


sq ft 
sq ft 
sq ft 
sq ft 
sq ft 
sq ft 
sq ft 
Btu/(lb)(°F) 
None 
None 
None 


None 


None 


Btu/(hr)(sq ft)(°F) 
Btu/(lb) 
Btu/(hr)(ft)(F) 
Btu/(hr)(ft)(F) 


Btu/(hr)(ft)CF) 
Btu/(hr)(ft)CF) 
ft 


ft 

lb. /sq ft 
ft-lb;/hr 
Btu/hr 
Btu/ (hr) (ft) 


Btu/(hr)(sq ft) 
Btu/(hr)(cu ft) 
Btu/hr 

ft 

ft 


ft 
ft 
ft 


(hr) (°F) /Btu 
(hr) (°F) /Btu 


dhr)(°F)/Btu 
(hr) (CF)/Btu 
(hr) (°F )/Btu 


STEADY-STATE HEAT REMOVAL 


Subscripts 


ave 
in 
max 
out 


Superscripts 


00 


Table 1.7.1—~ (Continued) 
Definition 


Thermal resistance of the scale 

Modified thermal resistance 

Modified thermal resistance of bond 

Modified thermal resistance of clad 

Modified thermal resistance of fuel 

Modified thermal resistance of water film 

Modified thermal resistance of scale 

Water temperature 

Fuel-element temperature 

Velocity 

Total flow rate 

Pressure drop 

Fluid temperature rise 

Temperature difference through fuel element 

Fraction of heat that enters channel up to cer- 
tain point designated by primes 

Thickness 

Thickness of bond 

Thickness of the cladding 

Thickness of fuel measured from the centerline 

Thickness of scale 

Film temperature difference 

Ratio of axial heat flux to the average heat flux 
as designated by primes 

Ratio of maximum transverse heat flux to the 
average transverse heat flux 


Average 
Inlet 
Maximum 
Outlet 


CHAP. 


Unit* 


(hr)(?F)/Btu 

(hr)(sq ft)(°F)/Btu 
(hr)(sq ft)(°F)/Btu 
(hr)(sq ft)? F)/Btu 
(hr)(sq ft)C¢F)/Btu 
(hr) (sq tt)(°F)/Btu 
(hr)(sq ft)(°F)/Btu 


lbs/sq ft 
°F 

°F 

None 


ft 

ft 

ft 

ft 

ft 

°F 
None 


None 


Position along the length of the channel at which the maximum surface- 


temperature occurs 


Position along the length of the channel at which the maximum internal- 


temperature occurs 


* Pounds mass used unless otherwise noted; lbs signifies pounds force 


A decrease in inlet-water temperature (t;,) in the reactor is usually reflected by in- 


creased cost. When heat is rejected directly to the heat sink, a reduction in tjy will re- 


1.7 


quire the addition of a refrigeration system. If the primary-coolant system discharges the 
heat through a heat-exchanger to the heat sink, a reduction in tin results in a lower tem- 
perature difference in the heat exchanger, a necessary increase in heat-exchanger size for 
the same power, and a consequent increase in cost. Where useful power is being produced, 
a reduction in inlet temperature results in a corresponding decrease in the steam pres- 
sure to the power turbine. 
In the second (microscopic) phase of thermodynamic analysis of the reactor, the shape, 


size, number, and arrangements of fuel elements and the size and shape of the reactor, 


125 


CHAP. 1.7 WATER-COOLED SYSTEMS 


Table 1.7.2—Conversion Factors 


To convert from 


English unit To CGS unit Multiply by 
Sq ft cm? 929 
Btu/(lb)CF) cal/(gm)(°C) 1 
Btu/lb cal/gm 0.5555 
Btu/(hr)(sq ft)(F) cal/(sec)(sq cm)(°C) 1.356 x 1074 
Btu/(hr)(sq ft)(F) watt/(sq cm)(°C) 5.676 x 10-4 
Btu/(hr)(sq ft)(°F) cal/(sec)(cm)(°C) 4,133 x 10° 
Btu/(hr)(ft)(°F) watt/(cm)(°C) 1.73 x 10? 
ft cm | 30.48 
lb, /sq ft dyne/sq cm 479 
ft-lb, /hr cm-dyne/gm 2.987 x 10° 
Btu/hr cal/sec 7x10? 
Btu/hr watt 0.293 
Btu/(hr)(ft) cal /(sec)(cm) 2.295 x 10° 
Btu/(hr) (ft) watt/cm 9.62 x 10-3 
Btu/(hr)(sq ft) cal/(sec)(sq cm) 7.53 x 10° 
Btu/(hr)(sq ft) watt/sq cm 3.15 x 10° 4 
ft/hr cm/sec 8.47x 103 
lb/hr gm/sec 0.126 


itself, are determined consistent with the nuclear requirements. It is desirable to design 
the reactor with fuel elements and assemblies that are reliable and easily manufactured. 
The analytical procedure is usually one of trial and error in which a particular design 

is analyzed and the resulting temperatures, pressure drop, and pumping power deter- 
mined. If certain nuclear or thermodynamic limitations (discussed later) are exceeded, 
modifications and another analysis are made. This procedure is followed until a success- 
ful design is obtained. 


CALCULATION OF TEMPERATURE DISTRIBUTION 


The basic law of steady-state uni-directional heat conduction! without heat generation 
is: 


AT 


-q=kA 5 | (3a) 
or: 
AT (a) (-q) | (3b) 


The equation for steady-state heat transfer by convection is: 


q=hA (T - t) (4a) 


1Reference appears at end of chapter. 
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or: 
r-1) =(4)@ (4b) 


Both equations (3b) and (4b) state that the temperature difference is directly proportional 
to a thermal resistance and the quantity of heat being transmitted. 

There are normally five resistances to heat flow in a fuel element, namely: the uranium 
fuel itself; the bond or lack of bond between the fuel clad and the uranium; the fuel clad; 
deposits, scale, or or corrosion productions on the surface of the fuel element in contact with 
the water; and finally, the film heat-transfer coefficient. 

For preliminary design work, it is usually assumed that all of the heat generated in the 
fission process is released as heat in the fuel core of the fuel element. Heat transfer is 
therefore that of heat conduction with internal heat generation. This assumption results 
in higher calculated fuel-element temperatures throughout the reactor. In more detailed 
calculations, a more realistic assumption is that most of the heat is generated in the fuel 
core and the remainder in the control rods, construction materials, coolant, and materials 
external to the core. Other assumptions usually made are that the thermal conductivity is 
constant (independent of temperature) and that the conductivity value is the mean value 
occurring within the material. It is also usually assumed that heat is generated uniformly 
within the fuel core and that no longitudinal heat conduction occurs along the fuel element. 

Figure 1.7.1 shows three simple types of fuel elements. The temperature distribution 
in the fuel portion of each [with a uniform rate of heat generation rate in the fuel of q’’’ 
Btu/ (ft®)(hr)] is parabolic, and the temperature differential through the fuel portion for each 
type is: 


(Ax,)*q’”’ 
Plates: Ty-— Tp = —— 
ates u- Tf ac 
r.” qi’? 
Cylinders: T,- T, = — - 
r.” qt’! 
Spheres: Ty — Te = f 6k 


The temperature differences stated above can be expressed in terms of the total heat, gq, 
released from the fuel-element surface area, Ar, and a thermal resistance. Conversion 
of the above expressions results in: 


Plates: T, — Ty = 


u 


Axf 
2k, A; (q) (5) 


Cylinders and spheres: T, - T, = (q) (6) —~ 


Zk 


The thermal resistance in the fuel is therefore Ax,/2ksAr¢ for plates and r¢/2krA, for 
cylinders and spheres. Thermal resistances in series may be added, just as in the case of 
electrical resistances. This analogy is particularly helpful in the case of fuel elements in 
which several resistances are normally in series. The various thermal resistance (R) 
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formulae are given in Table 1.7.3 for the three simple fuel-element geometries sketched 
in Fig. 1.7.1. 


The thermal-resistance term is used as follows: Two metal temperatures, namely, 
the surface temperature of the clad (T,) and the internal fuel temperature (T,,), generally 


Table 1.7.3 — Thermal-resistance Formulae for Plates, Cylinders, and Spheres 


Type of fuel element 


Type of 
resistance Plane plate Cylinder ppncres 
il * — . 2 
Film (R}) hA 2m r, Lh 40 rh 
1 1 = 1 1 1 
Scale (R, ) k,A/A X, 2x k,L/in(r, /r,) 4n k, (2: r ) 
Clad — tue 5 ae 
(R,) k.A/A x 20 k L/in(r, /v,) 4n k, re 6 
Bond (R,) —-—- Tr : (-- 7 > 
b kpA/A Xp 20 k LAn(r, /r,) 4n KY "> fF 
Fuel a ; 
uel (R,) 2k-A/A X; 4n kpL Ba Ker 


limit a reactor design. It is usually desirable to relate these temperatures to the bulk- 
fluid temperature (t), as given below. Surface temperature of clad limiting: 


T .—t=(R, +R.) (q) 
or: 


_T.-t 
1" i FR, m 


Internal fuel temperature limiting: 


T,-—t 
a a eres ee a = (8) 
R, + Rs + Re + Ry + Re 


The thermal resistance for cylinders and spheres may be simplified by using a mean 
heat-flow area for each thermal resistance, based on the arithmetic mean radius, if the 
radius ratios are less than 1.4 for cylinders and 1.2 for spheres. A modified thermal re- 
sistance may then be defined as R = R’/A in which the area term is removed from the re- 
sistance term. Thus, Eqs. (7) and (8) in terms of modified resistance are: 


si he ~ 
Tt 7 _~ 
ye Ae) re 


rem A 
e 2 £20 pe 
R + ce 


129 


CHAP. 1.7 WATER-COOLED SYSTEMS 


q = A,(T,, — t) 
A A A A 
0420 p 1450 pe 1 20 Dp 450 Dp 
Ri tA. Re Ac Reta ep a, Rt (10) 


Where the mean area is defined as: 


Mean area For cylinders For spheres 


As 1 (r, ao r,)L 2 (ro + r,)° 
Ac ry +m )L Fre + ry) 
Ay mt (r, + rp)L = (r,, + r,)? 
Ay 2n (r_)L 4n (rs) 


The error introduced by this simplification is less than 1 percent. The values for the 
modified thermal resistance are therefore identical for the three simple fuel elements 
considered, if the Ax’s are considered as thickness of clad, bond, scale, and fuel. The 
values are given in Table 1.7.4. 


Table 1.7.4— Modified Thermal-resistance Formulae for Plates,,. 
Cylinders, and Spheres 


Type of resistance Formula 
: 1 
Film (Ry) h 
Scale (R ;) : 
: k,/A x, 
; 1 
Clad (R,) Ko /A x 
e 
Bond (R,) : 
b k,/A Xb 
1R, d 
Fue (R,) 2k »/ Xt 


DESIGN LIMITATIONS AND CRITERIA 


It is generally necessary to establish the effect of design variables on performance and 
operation in the initial design phase of a water-cooled, solid-fuel reactor. For conven- 
ience, design variables have been separated into two types: design limitations and design 
criteria. Values are assigned to some of these design variables (design limitations) to 
maintain consistency in the adjustment of the other variables (design criteria) in order to 
determine the best design for a specific reactor. Design limitations are imposed primarily 
by stress, temperature, and corrosion to assure successful reactor operation. Design 
criteria are used in evaluating pressure-vessel size, pumping costs, effect of scale on 
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heat transfer, and other conditions to assure a sound, economical, practical design. The 
particular objective of a reactor design will dictate the relative importance of the design 
limitations and the design criteria. In addition, the particular design will dictate the 
values that may be assigned to the various design limitations and the practicability of 
assigning various design criteria. 


DESIGN LIMITATIONS 


The following limitations are typical of the restrictions which may be imposed on a de- 
sign by stress, corrosion, or heat-removal considerations: 


MAXIMUM FUEL TEMPERATURE (T,) 


Fuel temperature is limited to prevent (1) phase changes in the fuel metal or alloy re- /. 
sulting in an excessive dimensional change in the fuel element or (2) exceeding the struc- 5 
tural strength of the fuel. | 


MAXIMUM SURFACE TEMPERATURE (T;) 


The temperature of the clad surface is limited to (1) the temperature corresponding to 
the maximum permissible rate for corrosion or (2) the saturation temperature correspond- 
ing to the static pressure necessary to prevent boiling of the coolant. 


MAXIMUM TEMPERATURE DIFFERENCE THROUGH A FUEL ELEMENT (ATmax ) 
Temperature differences may be limited by the allowable thermal stress in the fuel ele- G 
ment where extreme repeated temperature fluctuations are encountered or brittle mate- — 


rials are used. 


MAXIMUM COOLANT TEMPERATURE (t,,,;) 


The temperature of outlet fluid is limited to (1) maintain all liquid phase and prevent 
vapor binding of pumps or (2) prevent excessive corrosion of pressure vessels, piping, or 
other external equipment. 


MAXIMUM WATER-TEMPERATURE RISE (Atay) 


The temperature rise may be limited by the maximum allowable thermal stresses or by 
distortions which may be developed in the reactor internal structure or in pressure ves- 
sels during sudden changes in power level. 


BURNOUT OF A FUEL ELEMENT 


Burnout occurs when a sufficient blanket of steam is formed on the heat-transfer sur- 
face to effectively insulate the fuel element and thus cause a rapid rise in metal tempera-. 
ture. In a reactor using net or local boiling as the heat-transfer mechanism, the design 
heat flux or power level should be limited to a value sufficiently below the burnout heat 
flux or power level. 


DENSITY (p) 


Density changes may be caused by corresponding periodic fluctuations in power level or 
by steady-state operation at various power levels. These density changes should be con- 
sidered as functions of the compensation ability of the control system. In a reactor using 
net or local boiling as the heat-transfer mechanism, the amount of permissible density 
change should be considered as a design limitation. 


a 
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MAXIMUM FLUID VELOCITY (Wyna, ) 


Erosion of clad materials at high velocities should be considered in determining the 
maximum coolant velocity past the fuel elements. High coolant velocities in headers and 
plenum chambers may result in jetting of the fluid and maldistribution of flow. 


DESIGN CRITERIA 


Design criteria are general considerations in the design of a particular reactor and 
usually cannot be assigned specific values. Engineering judgment and evaluation of the 
specific design will dictate the relative importance of these criteria and their effect on 


the over-all design. The following criteria suggest some aspects of a design which may 
become critical. 


THERMAL RESISTANCE OF CLADDING BOND(4xb/kp Ab) 


The bond between the clad and fuel alloy has a certain thermal resistance depending up- 
on the type of bond obtained; generally, a mechanical bond has a significant resistance 
whereas a good metallurgical bond has a minimum resistance. 


THERMAL RESISTANCE OF SCALE ON HEAT-TRANSFER SURFACE (Ax, /ksAsg) 


Scale may be formed by corrosion products of clad material and/or by corrosion prod- 
ucts formed elsewhere in the system and deposited on the heat-transfer surface. A value 
of the thermal resistance of the scale, based on these considerations, is used in calcula- 
ting fuel-element temperatures. 


_ MINIMUM THICKNESS OF FUEL ELEMENTS AND CLAD (Axs,AX¢) 


The minimum thickness is that which (1) may be practically achieved in manufacturing 
and (2) provides sufficient clad to protect the fuel from exposure to the coolant by corro- 
sion or erosion. 


PRESSURE (p) 

The operating pressure for single-phase coolant systems is prescribed by the maximum 
surface temperature and is that pressure which will inhibit boiling at that location. 
PRESSURE DROP (AP) 


The permissible pressure drop is evaluated by consideration of (1) pressure stresses 
on fuel elements and fuel-element subassemblies and (2) the availability and size of pumps 
to produce desired flow at the given head loss. 


PUMPING POWER (P,) 


The power available for pumping is determined by (1) percentage of total reactor power 
assigned for pumping or (2) amount of economically available power procured from out- 
side facilities. 


INLET- AND EXIT-HEADER SIZE 


In designs using a pressure vessel, the number, size, and spacing of openings in the 
vessel effect the pressure stresses of the vessel. In designs incorporating a low static 
pressure, the problem is one of supplying large quantities of water to a relatively small 
plenum chamber with reasonable velocities and pressure drops in the ducts. 
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PRESSURE-VESSEL SIZE 


The practical pressure-vessel size, particularly the diameter, is evaluated as a balance 
between design pressure and manufacturing and transportation facilities. 


PLANT SIZE AND WEIGHT 


For mobile application, minimum size and weight considerations are of primary im- 
portance and dictate stringent requirements during all phases of reactor design. 


RELATIONSHIPS BETWEEN DESIGN LIMITATIONS AND DESIGN VARIABLES 


Solid-fuel reactors can be subdivided into two general types, heterogeneous and quasi- 
homogeneous, based on nuclear considerations. In the heterogeneous type, fuel is lumped 
with the fuel elements being placed on the reactor lattice points. Cooling is provided by 
the circulation of water past these fuel elements. Thermodynamically, the flow channels 
surrounding the fuel elements can be treated individually. In the quasi-homogeneous 
type, fuel is distributed throughout the core of the reactor in a uniform manner, usually 
with alternate spacing of fuel element and coolant. In most cases, the fuel elements form 
individual flow channels such as those formed by parallel plates. 

In the analyses, the performance of the reactor and the fuel elements is determined by 
the performance of a single channel, called the “hot channel.” A hot channel is that flow 
channel (or fictitious flow channel in the case of discontinuous fuel elements) which con- 
tains the fuel element with greatest surface temperature, greatest temperature differences, 
and/or highest internal temperature in the reactor. This channel is usually the channel 
having the highest heat production owing to a non-uniform neutron-flux distribution. 

In preliminary design work, approximate flux distributions are obtained as mathematical 
expressions by making simplifying assumptions. These expressions can be used in mathe- 
matical form to obtain the temperature distribution. However, these cases are very spe- 
cific and generally very difficult to handle. It is simpler to graphically integrate the cal- 
culated flux-distribution curve to obtain the temperatures along the length of a channel. 
Figure 1.7.2 shows the typical temperature distribution'in fuel elements in the direction of 
flow. In the case of discontinuous fuel elements, such as the flow across wires, the tem- 
perature distribution would be discontinuous; however, the equations to be given are also 
applicable. 

Since the temperatures to be calculated are maximum temperatures, it is usually neces- 
sary to determine graphically where the maximum surface temperature and maximum in- 
ternal temperature will occur along the channel. To simplify the analytical procedure, 
several quantities will be defined. The fraction of total heat input that enters the flow- 
stream up to the point where the maximum nominal surface temperature exists is defined 
as: 


6 = (11) 


The fraction of total heat that enters the flow-stream up to the point of maximum nominal 
internal temperature is: 


yore j 
f q’ dl 
0S (12) 
S q’ dl 
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(‘ngx) MAXIMUM AXIAL HEAT FLUX 


HEAT INPUT 
PER UNIT 
LENGTH OF 
FUEL ELEMENT 
IN DIRECTION 


(q') 


TEMPERATURE 


ED 
DIRECTION OF COOLANT FLOW 


Fig. 1.7.2— Typical Temperature Distribution in a Fuel Element. Submitted by 
Argonne National Laboratory, Dec. 15, 1952. 


Basically, the equations developed are expressions for three temperature differences: 
the water temperature rise (At), the film temperature difference (6) between the bulk-water 
temperature and the metal surface, and finally, the temperature difference between the 
center and the surface of a fuel element (AT). The maximum nominal surface temperature 
is obtained by adding the appropriate water-temperature rise up to the position 1’’ and the 
film temperature difference at the position 1’’ to the inlet water temperature. Similarly, 
the maximum nominal internal temperature can be obtained by adding the appropriate 
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water-temperature rise up to the position 1’’’ and the film temperature drop and tempera- 
ture difference through a fuel element at the position 1’’’ to the inlet-water temperature. 

To estimate the maximum possible temperatures that may occur within the reactor and 
thereby maintain the temperatures within the specified design limitations, uncertainties in 
flow conditions, heat generation, fuel-element fabrication, and analytical variables must be 
anticipated. Typical variables that can produce higher-than-nominal temperatures are 
tabulated in Table 1.7.5, including an order of magnitude of each effect on the coolant- 
temperature rise, the film-temperature differential, and the temperature drop from cen- 
ter of fuel element to surface. The values shown in the table are intended to be used only 
as a guide in general reactor work, as the order of magnitude of the individual factors 
may be varied considerably and both the applicable factor and its magnitude depends on 
the particular reactor. In a particular design, it should be recognized that some of the 
factors are based on estimates of reactor operating conditions while others, such as the 
effect of manufacturing tolerances, are based on detailed physical analyses. 


Table 1.7.5— Hot-spot Factors Used in Typical Design 


Order of magnitude 
of factor involved 


Uncertainty or deviation from nominal condition Fat Fg Fat 


Effect of plenum-chamber conditions upon flow distribu- 


tion to parallel reactor channels 1.02 1.02 ee 
Effect of warping 1.04 1.03 Save 
Combined effect of tolerances on core alloy in fuel ele- 

ment, both in thickness and concentration 1.08 1.21 1.21 
Combined effect of tolerances on clad-thickness and 

water-channel dimension 1.40 1.26 sae 
Precision of flux-distribution calculation 1.20 1.20 1.20 


Local variations in axial, heat-flux distribution, such 
as the Wilkins effect (this factor may be included as 


a flux-ratio factor) as 1.10 1.10 
Precision of flux distribution radially or through the 

thickness of a fuel element re wets 1.10 
Accuracy of the thermal conductivity of the fuel-element 

material eee wie 1.20 
Precision of the correlation for the heat-transfer 

coefficient Sie 1.20 vas 
Variation of heat-transfer coefficient on the fuel- 

element surface bere 1.50 = eee 
Precision of power measurement resulting in devia- 

tions in design-power output 110 1.10 #£491.10 


If the power output of each channel is monitored by 

noting its temperature rise, all of the individual fac- 

tors for Fa; may be neglected except for one to ac- 

count for inaccuracies in measuring each tempera- 

ture rise 1.10 eee owe 
If the coolant channels should be interconnected, then 

most all factors on Far, water temperature rise may 

be disregarded with the exception of a factor for devia- 

tions from theoretical mixing 1.3 cee one 
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It is assumed for conservative design that the individual effects all occur simultaneously 
in the same channel, the channel exposed to the highest heat generation. The use of hot- 
spot factors gives reasonable assurance that these temperatures will never exist within 
the reactor or that, if they do, they will occur only at certain limited, perhaps microscopic 
locations. This procedure is especially applicable to designs where the penalty for ex- 
ceeding temperature limitations is severe. 

The combined effect of all the individual variables is obtained as a composite product 
of the individual factors, to yield over-all hot-spot factors for water-temperature rise, 
Fat, film drop, Fy, and fuel-element temperature differential, F,.,. Their use, as shown 
below, then gives the maximum possible water-temperature rise in a channel and the 
maximum possible surface and fuel-element temperatures. 

The average temperature rise in a reactor is obtained from Eq. (2) as: 


Ataye = (13) 


a 
Cy W 
The water-temperature rise in the hottest channel or channel with the maximum heat 
input is obtained by multiplying the average water-temperature rise by the ratio of the 

maximum transverse flux to the average transverse flux. 

The maximum possible water-temperature rise is obtained by multiplying the water- 
temperature rise in the channel with maximum heat input by the hot-spot factor for the 
water-temperature rise. If individual channels or groups of channels are orificed to pro- 
portion the flow according to the radial flux distribution or if the channels are intercon- 
nected, an additional factor must be allowed for this effect. 


In symbols: 


= _ Q 
At nax 7 Atave Pat ?, Fin Fo ae CpW Fat ?, Fin Fo (14) 


where: Fat = hot-spot factor for water-temperature rise 
?.. = ratio of maximum radial flux to the average radial flux 
F , = factor to account for theoretical mixing. For individual channels, F,, = 1. 
For flow in interconnected channels, Fy, would be less than 1 but greater 
than 1/9, 
F) = factor to account for orificing. Without orificing, Fy = 1. With orificing of 
each individual continuous channels, Fy = 1/¢, 


The water temperature rises up to the points of maximum internal temperatures are 
given as: 


Q- 
A, (to t : max) = cpW aaa AR —~ Fry Food” (15) 
é | 
A; (to Ty max = cpW Fat Or Fm Fo 6’"" (16) 


It may be desirable in some cases to substitute the fluid velocity for the flow rate, 
especially in cases where the velocity is limiting. In general: 


W= p Va Fy (17) 


The average heat flux in a reactor is given as: 


136 


STEADY-STATE HEAT REMOVAL CHAP. 1.7 


» _@ 
q ave A (18) 


Using the expression for the average heat flux, the film-temperature difference at the 
point of the maximum surface temperature can be written as: 


6 (at tc max) =Q’ ave Fo or ga’ (Ry + Ri) = 2 Fo oy Pa (Rp + Ro) (19) 
and: 
6 (at Ty max) =Q’ave Fo >, $4’ (Ri, + R) = 9 P o4'" (Ri, + Ry) (20) | 


The maximum surface temperature can therefore be written as: 
To max = tin + 4¢ (to T, max) + 4 (at Te max ) 28 (21) 
T =t +_F >. F Fo’ +R ) ,' (Ri + Rf) (22) 
c max in epW 4t frome A 9 tr ta 8 


The maximum internal temperature can be written as: 


Tu max = tin + 4¢ (tO Tu max) + 9 (at Tu max) + AT (at Tu max) (23) 
=t +o p F_F 5 4 Qk vt (Ri + ’ 
= tin + Cow Pat Pr Fm Fo A Fo Pr Pa’’ (Ry + Ry) 

Fat %, % (RZ +R +R) (24) 


In the preliminary evaluation of the effect of design variables on a given design, it is 
usually sufficiently accurate to assume approximate values of $47, $5'’, 6’’ and 6’’’. Esti- 
mates are also made of the hot-spot factors, F,,, Fy, and F,y, and the mixing and ori- 
ficing factors, F,, and F 9. With these factors assumed, the equations reduce to a form in 
which the effect of the flow area of the reactor, the total heat transfer area, and the fuel- 
element geometry can be studied. 

Another major consideration in reactor design is the pressure drop and pumping power 
required to obtain the desired heat-transfer performance. The formulas for pressure drop 
are given in Chapter 1.5. The formula for fluid pumping power is given as: 


P, = WAp (25) 
p 


Normally, three temperatures determined by the performance of the hottest channel are 
limiting in a design: the minimum inlet temperature (t,,,), the maximum surface tempera- 
ture (T,), and the maximum internal fuel temperature (T,,). 

Equations (22) and (24) demonstrate that a power increase will result in a proportional 
increase in the rise in water temperature (At), in the film temperature difference (6), and 
in the temperature difference through a fuel element (AT). Since it is usually desired to 
increase the power of the reactor without a corresponding increase in the temperature 
differences between the surface and the inlet water (T, — t;,,) and the temperature dif- 
ference between the internal fuel and the inlet water in the hot channel (Ty — tin), changes 
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must be made in certain other variables. For maximum effectiveness, changes in design 
parameters should be made which reduce the largest of the contributing temperature dif- 
ferences in a particular design. A list of changes and the general results produced are 
given below. Each change is considered to occur without altering any of the other variables. 

(1) Reactor channels may be orificed for proper flow distribution by adjusting the flow 
in each channel to obtain the same water-temperature rise in every channel. Another 
method, not commonly used, is to orifice each channel to permit the maximum surface 
temperature and the maximum internal temperature to occur simultaneously in all of the 
channels. Flow distribution by orificing reduces the amount of water needed for cooling 
and the thermal stress between fuel elements since the differences in the average tem- 
perature between individual fuel elements is minimized. For fuel elements in the form of 
rods, wires, spheres, or any other discontinuous form, orificing cannot be effectively 
used. For these cases, however, mixing will tend to equalize the outlet temperatures 
throughout the outlet-flow cross section. 

(2) Increasing the flow rate decreases the water-temperature rise and decreases the 
film-temperature difference. For the same flow area, an increase in flow is accompanied 
by an increase in velocity. Therefore, the heat-transfer coefficient increases and the 
film-temperature-drop decreases. The pressure drop and pumping power increase with 
an increase in flow rate. 

(3) Decreasing the flow cross section of the reactor, without altering the heat-transfer 
area or flow rate, increases the velocity. Therefore, as stated in (2), the film-temperature- 
difference decreases. The pressure drop and pumping power increase with a decrease in 
cross section. 

(4) Increasing the number of passes of the coolant through the reactor by the use of 
baffling increases the velocity, thereby decreasing the film-temperature drop. The pres- 
sure drop and pumping power increase with an increase in the number of passes. 

(5) Decreasing the amount of scaling or corrosion of the fuel-element surface decreases 
the thermal resistance of the scale and therefore decreases the film-temperature dif- 
ference. Since the surface is smoother with less scale, the pressure drop and pumping 
power probably decrease. 

(6) Decreasing the thickness of the fuel elements permits more heat-transfer area to 
be placed in the reactor volume with the same flow area. This change results in a de- 
crease in the film-temperature difference and in the temperature drop through the fuel 
elements. The pressure drop and pumping power normally increase for a decrease in the 
fuel-element thickness. 

(7) Decreasing the maximum-to-average heat-production distribution by the proper use 
of nuclear poisons or enriched fuels decreases the three temperature differences without 
increasing pressure drop or pumping power. In cases where the internal temperature is 
limiting and the fuel elements are relatively thick, as in production reactors, it is de- 
sirable to have the heat-generation distribution as uniform as possible in both the axial 
and transverse directions. This flattened-flux distribution not only reduces the tempera- 
ture drop through the fuel element but also decreases the film-temperature difference 
and water-temperature rise in cases where orifices are not used. 

(8) When the internal fuel temperature is not limiting and the fuel-element thicknesses 
are small, as in small enriched power reactors, it may be advantageous to use a roof-top 
flux distribution. Roof-topping involves adjusting the heat-generation distribution in the 
axial or flow direction to maintain surface temperature (T;) constant at the maximum 
limiting value. The variation of the heat-transfer coefficient with water temperature 
along the length of the channel should be considered in determining the roof-topped flux 
distribution. If surface temperature is the only limitation, more power can be obtained 
from the hottest channel (and therefore the reactor) by roof-topping than with any other 
flux distribution. 
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(9) Decreasing the pressure of the system to permit local boiling decreases the film- 
temperature difference. However, pressure drop and pumping power probably increase, 
and the complexity of the problems associated with flow in parallel channels and flow 
stability increases. The density changes associated with local boiling may increase prob- 
lems of reactor control. In general, the safety of the reactor decreases since the design 
condition is closer to the burnout conditions. If local boiling is to be employed as the heat- 
transfer mechanism to advantage, care should be taken to eliminate scale, 

(10) Distribute the fuel and coolant in such a manner as to accomplish either a constant 
coolant temperature rise for each channel or a constant maximum fuel temperature, the 
result to be accomplished to depend on which limitation controls or which result gives the 
maximum power. 
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CHAPTER 1.8 


Transient Generation and Removal of Heat 


J. P. Silvers and J. R. Dietrich 


Chapter 1.6 of Volume 1 contains a comprehensive treatment of reactor dynamics. The 
following paragraphs contain some supplementary information of particular use in the 
treatment of water-cooled reactors. The nomenclature employed in these paragraphs is 
defined in Table 1.8.1. 


TRANSIENTS WHEN REACTIVITY IS INDEPENDENT OF POWER LEVEL 


In a supercritical or subcritical reactor, the power increases or decreases, respective- 
ly, with time. Although in the general case the spatial distribution of power generation as 
well as the power level may vary with time, it is entirely adequate for practical reactor 
design to assume that the spatial distribution remains the same as that for the critical 
reactor of the same configuration. Any departures from this distribution will exist for 
only a few average neutron-generation times and will be small in magnitude so long as the 
departure from criticality is limited to a few percent. By making this approximation, the 
spatial distribution of power generation may be treated by the methods discussed in Vol- 
ume 2, Chapter 1.6, and if reactivity is independent of power level, the time variation of 
power level can be determined by solution of the space-independent one-group equation as 
discussed in Volume 1, Chapter 1.6. Since most water-cooled reactors have rather large 
temperature coefficients of reactivity, the assumption that reactivity is independent of 
power level is applicable only for power levels so low that they produce no important 
temperature increase in the reactor or for transients so rapid that large power changes 
may occur before the resultant heat can be transferred to the regions of the reactor which 
are effective in changing the reactivity. When the reactivity is independent of the power 
level, the important dynamic characteristics of the reactor depend upon only the effective 
neutron-generation time in the reactor and the characteristics of the available delayed- 
neutron emitters. Delayed-neutron data are contained in Volume 1, Table 1.2.16 (curves 
of use in solving the kinetic equation with the delayed neutrons characteristic of U®*® are 
contained in Volume 1, Chapter 1.6). Reactors containing large quantities of D,O or Be 
may have a small additional contribution to the delayed neutrons as a result of y-7 reac- 
tions involving delayed-fission gammas. 

Neutron-generation times in existing H,O-moderated reactors lie in a range around 10 
second, while those in existing D,O-moderated and graphite-moderated reactors are in the 
neighborhood of 10™ second. Calculated generation times’ for a number of specific re- 


‘References appear at end of chapter. 
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Table 1.8.1—Nomenclature and Units 
Symbol* Definition Units 
a,b,d Physical measurements, constant ft 
A;, Ag Equation constants Dependent upon usage 
etc. 
Aw Wetted surface area in core sq ft 
B,, Be, Bs Equation constants Dependent upon usage 
Cc Heat capacity Btu/(1b)(F) 
Ci, Cy Equation constants Dependent upon usage 
h Coefficient of convective heat transfer Btu/(hr)(sq ft)(F) 
k Thermal conductivity Btu/(hr)(ft)CF) 
K eff Multiplication constant of a finite reactor, includ- None 
ing effect of neutron leakage 
k, Multiplication constant of an infinite medium None 
having the same material properties as those of 
the finite reaator being considered 
Pp Total heat generated in the core per unit time Btu/hr 
q Time-variable density of heat generation, = q(t) Btu/(hr)(cu ft) 
q’’ Density of heat flow (flux) Btu/(hr)(sq ft) 
Q Initial density of heat generation Btu/(hr)(cu ft) 
T Temperature in excess of an arbitrary level °F 
U Over-all coefficient of heat transfer from fuel Btu/(hr)(sq ft)(CF) 
element interior to coolant 
Vv Velocity ft/hr 
V Volume cu ft 
x Space variable ft 
a Reciprocal of period of exponential rise hr™! 
Y Specific weight lb/cu ft 
A Prefix indicating finite lumping None 
K Thermal diffusivity x sq ft/hr 
p Density lb/cu ft 
T Time hr 
*Subscripts 
i Inlet 
O Outlet 
m Metal 
w Coolant 
T Present time 


T+ Ar Future time, one time-step later 
Numbers or letters, in general, refer to points or different spatial regions 


Superscripts 


(prime) Future time, after one time-step 
‘‘(double prime) Used with q to indicate heat flux (flow density) 


actors are listed in Tables 1.8.2 and 1.8.3. Approximate experimental verifications of cal- 
culated generation times have been made only for the Chalk River zero-power reactor 
(ZEEP)* and the Argonne graphite reactor (CP-5).° High accuracy in determining the gen- 
eration time is not usually necessary, as the generation time has an important effect only 
in very rapid transients, where other large uncertainties usually exist. 
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Table 1.8.2 —Calculated Neutron-generation Times for Specific Reactors 


Neutron- 
generation 
Reactor Fuel Moderator time, sec 


Argonne research 

reactor (CP-3’) Enriched U2* D,O 2.3 x 1073 
New Argonne 

research reactor 

(CP-5) Enriched U?*5 D,O 1x10° 


Table 1.8.3 —Calculated Neutron-generation Time in 
MTR‘ as Function of k.,and Core Size* 


Generation 
U5 | kp k. time, 104 sec 
0.98 1.606 2.36 
1.88 1.432 1.52 
2.61 1.373 1.26 


*Vol aluminum/vol water = 0.75. The fuel density in 
core is constant; the total loading is varied by increas- 
ing the core size. Criticality is maintained by poison- 
ing. The unpoisoned k,, = 1.61 


TEMPERATURE COEFFICIENT OF REACTIVITY 


In enriched H,O-moderated and D,O-moderated reactors which do not contain important 
resonance absorbers, the temperature coefficient of reactivity results primarily from 
changes in the moderator temperature with, in some cases, small contributions from ex- 
pansions of the reactor parts. The reactivity is therefore insensitive to the fuel-element 
temperature and varies with moderator temperature. In D,O-moderated reactors, the 
coefficient is negative in.all practical cases (reactivity decreases with increasing tem- 
perature) and is larger for small reactors (high buckling) than for large reactors (low 
buckling). In small H,O-moderated reactors, the coefficient is negative. At low tempera- 
tures (MTR) where the density of water does not change rapidly with temperature, the co- 
efficient results primarily from the change of microscopic cross sections with neutron 
temperature. At high temperatures, the change in water density with temperature makes 
the most important contribution to the temperature coefficient. At such temperatures, the 
negative coefficient decreases as reactor size is increased and may presumably become 
positive if the size is increased to the point where the increased absorption caused by 
an incremental increase in H,O density is more important to the neutron balance in the 
reactor than is the accompany decrease in neutron leakage. 


143 


CHAP. 1.8 WATER-COOLED SYSTEMS 


In natural-uranium and slightly enriched reactors, there is a negative contribution to the 
temperature coefficient from the doppler broadening of the U?*® resonance lines. This 
component of the coefficient is associated with the fuel temperature. All other contribu- 
tions to the coefficient are associated with the moderator or the coolant temperature. The 
important contributions are usually from change in resonance escape owing to change in 
slowing-down power of the moderator and, for the H,O case, change in thermal utilization. 
Changes in leakage are usually of lesser importance since most reactors of this class 
have low total leakage. Reactors which are both cooled and moderated by D,O will have 
negative coefficients in all practical cases. The possibility of net positive coefficients for 
H,O-moderated reactors evidently exists, but this undesirable characteristic has been 
successfully avoided in the design studies to date. A strong positive component may be ex- 
pected in the temperature coefficient of reactors cooled by H,O and moderated by D,O or 
graphite. This positive component is usually large enough to result in a net positive coef- 
ficient. Temperature coefficients of reactivity for some specific reactors are given below. 


ARGONNE D,O-MODERATED, ENRICHED-URANIUM, 
RESEARCH REACTOR (CP-3’) 


The calculated temperature coefficient for CP-3’ is —0.05 percent kor /C; this value is 
approximately confirmed in operation. Changes in the temperature of fuel elements alone 
do not affect reactivity appreciably; the coefficient is produced almost entirely by tem- 
perature changes in the D,O and the reactor tank. Since heat is transferred from the fuel 
elements to the D,O by natural convection (although the D,O is circulated for heat removal), 

the temperature coefficient is relatively slow in action. 


NEW ARGONNE D,O-MODERATED, ENRICHED-URANIUM, 
RESEARCH REACTOR (CP-5) 


The temperature coefficient is calculated to be —0.06 to —9.07 percent k, sr /°C. Essen- 
tially all of the coefficient results from moderator heating. About half of the coefficient 
results from the D,O inside the fuel subassemblies and will, therefore, act fairly rapidly. 
The remainder results from the D,O surrounding the subassemblies and will act quite 
slowly. 


MATERIALS TESTING REACTOR (MTR)*° 


Calculated temperature coefficients for three different core radii are given in Table 
1.8.4. The average measured value of the temperature coefficient between 36° and 54°C 
on the MTR mockup (LITR), for which k,, = 1.58, is —13 x 10°% Keg, °C. 


Table 1.8.4 —Calculated Temperature Coefficients of 
Reactivity in MTR at 20°C 


Reactor 

r,cm 12.78 17.85 21.12 

Kk. 1.606 1.432 1.373 
Expansion of fuel plates, 10°% keff/°C —1.6 —1.4 -1.3 
Expansion of water, 10°% ker¢/°C —3.8 —3.0 —2.8 
Change in microscopic cross sections 

with temperature, 10°% ker¢/°C —15.7 —10.5 —8.9 
Total, 10°% keg¢/°C —21 —15 —13 
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TEMPERATURE DISTRIBUTIONS WITH EXPONENTIAL POWER RISE 


In fixed-fuel reactors having temperature coefficients associated primarily with the 
coolant temperature, very rapid power transients, such as those which may be postulated 
in reactor accidents, can raise the fuel element temperatures to dangerously high levels 
before sufficient heat flows into the coolant to change its temperature appreciably. During 
this part of the power transient, the reactivity may be considered independent of the power 
level, and, in fact, the power rise will in many cases be nearly exponential over an im- 
portant fraction of the transient. When these conditions hold, the transient is usually so 
fast that transport of heat by coolant flow is unimportant, and the transient temperature 
distribution of interest is that associated with the transfer of heat from the sources in the 
fuel element to the coolant. The estimation of this distribution of interest may be relative- 
ly simple when the power transient is exponential. Equations for the temperature distri- 
bution in some specific idealized configurations are given in the following. This applica- 
bility to any given reactor must be evaluated for the particular case of interest. See Table 
1.8.1 for definition of symbols. 


UNCLAD FUEL PLATE IN STAGNANT COOLANT’ 


The period is assumed to be so fast that convection is negligible, and heat flows from 
fuel plate to coolant by conduction alone. Fuel plate and coolant are initially both at tem- 
perature 0; at t= 0, uniform heat generation, q = Qe®7 cal/(cm‘)(sec) begins in the fuel 
plate. The fuel plate (region 1) and coolant channel (region 2) are considered slabs infinite 
in two dimensions. The center of coordinates (x = 0) is at the central plane of the fuel 
plate; the fuel plate-coolant boundary is at x = a; the central plane of the coolant channel 
is at x = b (see Fig. 1.8.1A). The temperature distribution is, in the fuel plate: 


Q B sinh /> (b-a) cosh Vz x 
T,(x,T) = ae es 


P1Cy g(V a) 


oe b-a Ajx = 


- Q = BQ 2 sin ae rad Yes * cos = Vx j + 
Op ;C, g (=a) ay| 21% 


Aj (Aj + a) <— ~[e(a)], 


era a iAj 
and in the coolant: 
sinh V— a cosh Vez -x) a 
T,(x,T) = Q eat ee C7 ee 1 ee: en 
OP 1Cy o(V a) Pir a, (b-a) 
VKy V Ko 
- a dj 
2 sin A; — cos ~— (b-x) 
_ _Q CN Ra gtr (2) 


Aj? + a) & [ey], ds 
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where iA; satisfies: 
g(iA,) = 0 


g is defined as: 


ava) = sinh Ve? cosh y= b-a) + B cosh Es sinh Ve (b-a) 


with: ‘ 


and: 


k 
K = — 
pc 


In both Eqs. (1) and (2), all terms beyond the first become negligible after a few 
periods, and the spatial temperature distribution assumes a characteristic asymptotic form 
(dependent on the period) which is maintained as long as the heat generation rises as e @T 
(that is, the temperature at every point in the fuel plate and coolant rises also as e@7), 


CLAD FUEL PLATE IN STAGNANT COOLANT’ 


Again, heat flow from fuel plate to coolant is assumed to be by conduction alone. All 
regions are initially at temperature 0; at 7 = 0, uniform heat generation, q = Qe®7 cal/ 
(cm*)(sec), begins in the fuel plate. The fuel plate (region 1), cladding (region 2), and 
coolant channel (region 3) are slabs infinite in two dimensions. The center of coordinates 
(x = 0) is at the central plane of the fuel plate; the fuel plate-cladding interface is at x = a; 
the cladding-coolant channel interface is at x = b; and the central plane of the coolant is at 
x =c (see Fig. 1.8.1B). The temperature distribution is, for the fuel plate: 


g (e-b) 


_ Q NV a a Q Tn Vv Kg _ 
T ,(x,T) = @p 1c e?T\1 + De cosh Ve + Opie a Shea 1 
1C1 ai gt, 
V Ke VK3 VKy 


Q 2N(ia ;) e-Ajt ry: 
ee ee a x (3) 
st ij (Aj + @) x DOA], - in, Ky 
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Fig. 1.8.1— Geometrical Arrangements for Calculation of Temperature Dis- 
tributions in Slab Fuel Elements Under Exponential Power Increases. Submitted 
by Argonne National Laboratory, Nov. 15, 1952. (A) Unclad fuel plate in stag- 
nant coolant; (B) elad fuel plate in stagnant coolant; and (C) clad fuel plate in 


flowing coolant. 
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for the clad: 


; a a a | 
y sinh Vz a sinh vs (b-a) cosh v2 7 . io A a 
Ko 


T = 
2(X,7) a —~D(Vv a) 


| Y1V kK. 
Btank fF, ew ain fF o|- a coe Be , HED) | ye BED) 
Kg VKy 


AGS Aj 
4y sin TF a sin Vg cos Ga 


Q —*7 
O44 _ : 2 d 
— dj A5+ a) 5 (DA), _,, 
jeos 3 (b-x) —ft rj b) si 
7. -X an Te (c-b) sin —— 7 (-m) (4) 


and for the coolant: 


Q 2ysinh Ve a sinh — (b-a) 
eQT i cosh vz (c-x) 
3 . 


Ty(x,7) = p44 -D(Vva ) 
Q Win Q — 4 ysin = a sin a (b-a) j 
— Cr +--+ —== (c-x) (5) 
apyc,;b-a  ,(c-b), ya picy ; | 2 608 Tk 
Tet? Ve * Te - idy (A; + a) = [DA)], ot 


where D and N are defined by: 


D(S) = cosh = a cosh == Tn (c-b) + By sinh ie a sinh Te (c-b) 
—ysinh Te a sinh —— az (b-a) cosh = = (c-b) 
— Py sinh Te (c-b) cosh Te (b-a) sinh Tz a 


— B cosh Te a sinh Te S (p-a) — cosh Te a cosh ie (b-a) cosh Te (c-b) 


(Note: D(S) is inherently negative for real S) 
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N(S) = cost A (b-a) -1| cosh vz (c-b) + B sinh ve (b-a) sinh Te (c-b) 


iA; are the successive roots of D(A) = 0 and: 


18% 
k, VK 
km 
Ke VKj 


Again the solutions contain terms which describe an asymptotic spatial temperature 
distribution which is independent of time. The calculated asymptotic distributions for clad 
aluminum fuel plates (similar to MTR plates) in water are shown in Figs. 1.8.2 and 1.8.3 
for periods of 0.01 sec and 0.001 sec, respectively. ® 


CLAD FUEL PLATE IN FLOWING COOLANT? 


Heat is assumed to be transferred from the fuel-plate clad to the coolant by the usual 
forced-convection process, characterized by a heat-transfer coefficient h cal /(cm?)(sec)(°C). 
The heat capacity of the bulk coolant is assumed effectively infinite (i.e., the bulk coolant 
temperature does not change), and the heat capacity of the boundary layer is assumed negli- 
gible. These assumptions lead to the simple mathematical boundary conditions tabulated 
on Fig. 1.8.1C. All regions are initially at temperature 0; at t = 0, uniform heat generation, 
q = Qeer cal/(cm‘)(sec), begins in the fuel plate. The fuel plate (region 1) and the cladding 
(region 2) are slabs infinite in two dimensions. The center of coordinates (x = 0) is at the 
central plane of the fuel plate; the fuel plate-cladding interface is at x = a; and the cladding- 
coolant channel interface is at x =b. Since the coolant is regarded as a constant-tempera- 
ture heat sink, its extent is effectively infinite (see Fig. 1.8.1C). The fuel plate and the 
cladding are assumed to have identical thermal properties (except for the sources, which 
are confined to the fuel plate). Only the asymptotic distribution has been derived. The 
distribution is, in the fuel plate: 


Qear cosh = yi + y= (b-a) 
7 cosh E y=+ y= b| 


T ,(x,7) = 


cosh y= x (6) 


and in the clad: 


; : a. 
rere Sets VE 
sh (F Ve+ v2 2) 


Neglecting the heat capacity of the boundary layer in deriving the above equations may 
prove serious for the case of very rapid transients. For that case, the assumption of stag- 
nant coolant (see above) may be a more valid-approximation. 


V2 (-x)| (7) 
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TEMPERATURE DISTRIBUTION FOR ARBITRARY POWER GENERATION 


In the general case of reactor power variation for which the reactivity is coupled to the 
power level via the temperature coefficient of reactivity, it is not possible to treat the 
kinetics of heat generation and heat flow separately. This circumstance arises from the 
non-linearity of the differential (reactor kinetics) equations which describe the time vari- 
ation of power generation. If, however, the power transients to be investigated are confined 
to small variations about a steady value, the reactor kinetics equations can be linearized, 
as discussed in Vol. 1, Chapter 1.6. This approximation is quite useful in analyzing the 
stability of reactor control systems. In the linearized treatment, the equations of transient 
heat flow may be handled separately from those of reactor kinetics, and for this applica- 
tion, methods of computing temperature distributions resulting from arbitrary power vari- 
ations, especially sinusoidal power variations. are useful. 


For cases in which the ee treatment is inadequate, both automatic digital com- 
puters’®.!! and analog computers! have been used successfully. When these methods are ap- 
plied, methods of computing temperature distributions resulting from arbitrary power 
variations are again useful; they may be employed in specifying satisfactory electrical 
analogs for use in analog computers and in arriving at approximations which simplify the 
formulation of the computation for a digital computer. 


The following summarizes simple and general analytical methods for approximating the 
temperature distributions resulting from arbitrary, specified power variations. These 
methods can be used for making broad estimates on a wide variety of physical cases in a 
minimum of time. More accurate and less general methods (as above) are used frequently 
for obtaining solutions in individual applications; references to solutions for more of these 
are given in the Selected Reading List. 


There are two usual points of interest in connection with reactor thermal transients; 
(1) calculation of local fuel-element temperatures and (2) the over-all mean core tempera- 
ture response, including the transfer function of the core. 


FUEL-ELEMENT TEMPERATURES 


The analytical method shown is that of lumped parameters. This consists of “lumping” 
space or time or both into discrete subdivisions and assuming that conditions are uniform 
within a space lump and constant within a time lump. The most general approach by this 
method (that of using completely irregular lumping) has been slighted in the literature, 
most authors having preferred to describe special refinements obtainable with special 
circumstances. Many of these specialized treatments may be found in the Selected Reading 
List. Dusinberre'® and, to some extent, Ingersoll and Zobel!‘ have taken the trouble to deal 
with irregular and non-homogeneous lumping in a clear and unsophisticated way. Since a 
refined approach is not generally useful when a fast solution is desired, the crude form of 
lumping treatment will be given here. 

Consider a fuel element of plate form (Fig. 1.8.4) with a heat-generating region in the 
center protected by metal and cooled by a liquid at the clad surface. Assume, for sim- 
plicity, that only one-dimensional heat transfer need be considered. (The method is quite 
general and may be applied to different geometrical arrangements and two- or three-di- 
mensional heat flow.) The lumping may be done arbitrarily in a manner suited to the pur- 
poses of the analysis and the geometry of the element. In general, a finer subdivision gives 
more accurate results, and it will often be found that less complicated as well as more 
accurate equations result from the use of uniform spacing in the lumps. In Fig. 1.8.4, a 
non-uniform spacing is inferred for generality of presentation. 
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Fig. 1.8.4— An Example of Coarse, Non-uniform Lumping in a Plate-type 
Fuel Element. Submitted by ANL, Dec. 15, 1952. 


EQUATION FOR LUMPED SPACE AND CONTINUOUS TIME 


A heat balance is written upon the center lump surrounding point 0. Since this lump is at 
the center line of the plate, it is assumed that (because of symmetry) heat flows only to the 
right of point 0, none passing through the plate centerline. Heat flowing through the right 
face of the lump is assumed directly proportional to the temperature difference between 
points 0 and 1 (and the unit area of the surface) and inversely proportional to the heat-flow 
resistance of the path between the points: 


A 
q’’ a b (T, = To) 


The heat generated within the lump is expressed by (aQA). The product of heat capacity 
of the core lump and the time rate of temperature change at point 0 is set equal to the rate 
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of heat gain and/or loss by conduction plus the heat gain by power generation: 


dT A 
AayaCa Gz = 


_b (T;-—Ty) +aqA (8) 
Tk 


>| 


This is the equation for the core lump. It will be observed that the effect of lumping in 
the space variable is to remove that variable from the equation leaving in this case an 
ordinary time-dependent differential equation. Similar equations may be written for each 
of the other lumps (cancelling the unit area): 


aT 1 k 
(b+d/2) ypCp 7 a (Ty — Ty) + + (T, — T;) (9) 
sania + —ee 
Ka Kp 
d aT, _ 


The bulk fluid temperature, T,,, is left as a specified quantity here and therefore does 
not require an equation. 

The problem of estimating the transient thermal response of the fuel element is now 
reduced to the simultaneous solution of three ordinary differential equations. Such equa- 
tions may often be solved with analogue computing equipment, or explicit analytical solu- 
tions may often be found for certain simply expressed types of perturbation such as step 
or sine function charges of Tf or Q. However, a different solution must be worked out for 
each case. For flexibility and the inclusion of arbitrary taal of parameter variations, a 
totally numerical approach is often useful. 


EQUATIONS FOR LUMPING IN BOTH THE SPACE AND TIME VARIABLES 


The totally numerical solution is made by lumping the time variable as well as the space 
variable. This can be done in different ways; three representative solutions are discussed 
below: 


Explicit Numerical Equations 


The first solution is obtained by expressing a future temperature at a point as an ex- 
plicit function of the past temperatures at the same and surrounding points. An imaginary 
space-time grid is shown in Fig. 1.8.5. [In the figures showing grids of this type, dots (e) 
represent known temperatures, crosses (x) represent unknown future temperatures, and 
circled crosses (@®) represent the unknown points for which solution is to be made. All 
points marked in one of these ways represent temperature values which enter into the 
computation of a temperature at a particular point.] The time lumping is illustrated with 
an equation of the form of Eq. (8) above: 


aT» 
a C, (Ty — To) + Coq 
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Fig. 1.8.5— Space Time Coordinate Grid Showing the Temperature Points 
which Enter into Explicit Computation of T;. Submitted by ANL, Dec. 15, 1952. 
The time derivative is lumped by replacement with a difference quotient: 


qT) _ To— To _ T0,7+ ar — 10,7 
dt AT AT 


Making this substitution, and solving for T9 gives: 
To = (1 —C,AT) Ty + C,AT T, + C,ATq (11) 


With equations of type (11), for each point, the calculator chooses a AT value (subject to 
restrictions explained below) and evaluates the constants. Starting with a specified initial 
temperature distribution, future temperatures can be computed indefinitely by time-steps 
of size At. The computer inserts proper specified initial values into the explicit equation 
for each point and thus computes a complete new set of T values. The new values are re- 
substituted in the proper equations and the process repeated indefinitely. (Representative 
results of calculations performed in this way may be seen in Figs. 1.8.6 to 1.8.9). 

The computer does not have a completely free hand in the choice of a AT value. The 
restricting criterion is roughly as follows: With the finite difference (or lumped) equation 
solved explicitly for Tg, collect all T, terms on the right side of the equation. The resulting 
coefficient of Ty) must be greater than or equal to zero. Thus in Eq. (11), if Av is chosen 
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Fig. 1.8.6— Transient Temperature Response of the Metal and Coolant in a 
Reactor Pass with a Perturbation in Power Production. Redrawn from ANL-4810, 
April 10, 1952. Reactor power instantaneously doubled from normal full-power 
value; coolant flow held constant at full-flow level and coolant inlet temperature 
maintained constant; channel of average power production and non-uniform 

flux distribution in the second reactor pass; metal temperature taken at a point 

of about twice the average full-power flux, approximately ‘4 the distance through 
the pass. Curve (A), fuel-element (centerline); curve (B), fuel-element (surface); 
curve (C); coolant (pass outlet). Ordinate scale shows temperature difference 
only. 
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Fig. 1.8.7— Transient Temperature Response of the Metal and Coolant in a 
Reactor Pass with a Perturbation in Coolant Flow. Redrawn from ANL-4810, 
April 10, 1952. Coolant flow instantaneously halved from a normal full-flow 
value; reactor power held constant at full power and coolant inlet temperature 
maintained constant; channel of average power production and non-uniform 
flux distribution in the second reactor pass; metal temperatures taken at a 
point of about twice the average full-power flux, approximately A the distance 
through the pass. Curve (A), fuel-element (centerline); curve (B), fuel-element 
(surface); curve (C), coolant (pass outlet). Ordinate scale shows temperature 
difference only. 
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Fig. 1.8.8—Transient Temperature Response of the Metal and Coolant in a 
Reactor Pass with a Perturbation in Coolant Inlet Temperature. Redrawn from 
ANL-4810, April 10, 1952. Pass inlet coolant temperature instantaneously in- 
creased by 16.5°F; reactor power and coolant flow maintained at normal full- 
power levels; channel of average power production and uniform flux distribution, 
in the first reactor pass; average metal temperatures given. Curve (A), fuel- 
element (centerline); curve (B), fuel-element (surface); curve (C), coolant (pass 
outlet). Ordinate scale shows temperature difference only. 
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Fig. 1.8.9 — Calculated Outlet Coolant Temperature Variation of a Single 
Reactor Pass in Response to Sinusoidal Variations in Power Level. Redrawn 
from ANL-4810, April 10, 1952. Power cycled between zero and twice full 
power; reactor channel of average power generation and uniform flux distri- 
bution; flow and pass inlet coolant temperature held constant at normal full- 
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such that C,AT>1, the equation becomes unstable. Choosing C,ArT too close to unity even 
though stable will sometimes cause unsatisfactory oscillations. The value of At is thus 
restricted, and it may often be found that this restriction necessitates an impractical 
amount of calculation. 


Implicit Numerical Equations 


A second way to lump the time variable is to express the desired unknown future tem- 
perature as an implicit function of its own past value and the unknown future values at 
surrounding points. This procedure is shown diagrammatically in Fig. 1.8.10. In this case, 
Eq. (8) would be stated: 


oe 
Tho = Cy (TY — 4) + Cao’ (12) 


Solved for Tj: 


Ty + C,At Ti + C, AT q’ 


‘= 
T9 1+C, AT 


(13) 


With this type of equation, it can be seen that unknown temperatures appear on both sides 
of the equation. It is therefore necessary to make a simultaneous solution of the equations 
of all points at each time step. This is not a great disadvantage where only a few points 
are involved, whereas a great advantage accrues to this method in being able to take un- 
limited values of At without incurring instability. If the number of equations is only five 
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Fig. 1.8.10 —Space-time Coordinate Grid Illustrating an Implicit Finite Differ- 
ence Computation Scheme. Submitted by Argonne National Laboratory, Dec. 15, 
1952. 
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or so, the unknowns may be eliminated algebraically prior to computation; for example, 
with three equations such as Eqs. (8), (9), and (10), each point would reduce to the explicit 
form (Ty, and Q’ specified): 


To = AT» + AoT, + A3T» + AyTy + A;sq’ 


The computation would then proceed in a straightforward manner, beginning with a speci- 
fied initial temperature distribution and continuing by time-steps of At duration. 

An interesting solution can be made with the implicit computational pattern (Fig. 1.8.10) 
in any transient case wherein both initial and final temperature distributions are known. 
Equation (12) can be solved for T, instead of Tj: 


Ty = (1+ C,AT) T§ —C,At Tj — Cy AT q’ (14) 


Note that this equation is explicit for the past temperature of T, in terms of future tem- 
peratures. If the final temperatures are known, they may be inserted for the prime (’) or 
future values, and the temperatures for one increment AT in the past may be evaluated. 
The procedure is then repeated until the solution closes upon the known initial values. 
This solution does not require simultaneous elimination of variables and is stable for all 
values of AT. The accuracy with which it closes on the initial values can also afford some 
idea of the accuracy of the solution. 

Judgment must be used in choosing the size of At even where its value is not limited by 
instability; too large a choice will still destroy the accuracy of solution. Comparing the 
results of two sets of computations, each performed with different values of At, will indi- 
cate reasonable values; if the results are not greatly different, the larger choice probably 
affords sufficient accuracy for estimating purposes. 


Time Average Implicit Numerical Equations 


A third set-up has the advantage of stability for large values of At and is somewhat 
more accurate. This consists of expressing the desired future temperature in terms of its 
own past value and the average of present and past values at surrounding points, as illus- 
trated in Fig. 1.8.11. 

In this case, Eq. (8) would be stated as follows: 


T$-T)_¢ (TH+ T1-T6-T) , o (Q' +) 
ri a i ar 


Solved for To: 


(1 —C, AT/2)T,) + C, AT/2 (T{ + Ty) + Cz, AT/2 (q’ + q) 


1 + C, AT /2 (15) 


Tj = 


Equations of type (15) are then applied for the numerical solution in the same manner as 
the fully implicit equations described previously. 


CORE RESPONSE 


Lumping may also be employed to estimate the temperature response or transfer func- 
tion of the entire core. The core may be represented by two gross lumps of material as 
shown in Fig. 1.8.12. One lump represents all the core metal, while the other represents 
all the coolant within the core. An over-all coefficient of heat transfer from metal to water 
is evaluated by combining the resistance of the mean fluid film coefficient and the mean 
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Fig. 1.8.11—Space-time Coordinate Grid Illustrating the Time Average Im- 
plicit Computational Scheme for Computation of Tj. Submitted by Argonne 
National Laboratory, Dec. 15, 1952. 


COOLANT 


Fig. 1.8.12—A Schematic Example of Gross Lumping of all the Fuel and all 
the Coolant in a Reactor Core. Submitted by Argonne National Laboratory, 
Dec. 15, 1952. 
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length of heat conduction path (x) from within the fuel elements to their surface. (As a 
simple example, with plate-type fuel elements, x would be roughly o, the plate thickness.) 
Using broad assumptions, heat balances are written upon each lump: 


dT 
VmymCm ae = UAw (Tp) -Tm) + P (16) 
dT, 
Vwywew Go = UAw (Tm — To) + VWywew (Ti — To) (17) 


These equations may be solved by any of the previously mentioned methods. In making 
a specific analysis of the core response, this crude lumping was found to give results 
not greatly different from considerably more detailed work. This method does not faith- 
fully transmit a step function of coolant inlet temperature but instead smooths it out as 
shown in Fig. 1.8.13. This is a rare discontinuity, however. The effects of step changes in 


TIME 
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Fig. 1.8.13 —The Effect of Gross Reactor Lumping on the Transmission of a 
Jump in Inlet Temperature. Submitted by Argonne National Laboratory, 
Dec. 15, 1952. 


P and v are represented with sufficient accuracy for estimating purposes. 
The two equations may be combined into one, eliminating T,, if so desired, with the 
following result: 


d’T, v dT, {1 dv By v aT; {1 dv By 
72 «+ 2 eee ere. oe = te ee 
ar? *\Pst yt Bila \vyar vy) ° Vy at lv, dr vy) tt * as 
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where: | 
_ UAy 
Se Ne 
Vind mem 
5. = 1 
= 
Vin? m Cm 
UA... 
Bs — ee  ) 
Vw? ww 


In most cases to be analyzed, not all the parameters (v, P, T,) will be allowed to vary 
simultaneously, and Eq. (18) would usually be considerably simplified in application. 

It will be noticed that in Eqs. (16) and (17) the coolant lump storage is based on the core 
outlet temperature, T), rather than the average coolant temperature. The metal-to-fluid 
heat transfer is also expressed relative to T). Setting the equations up in this manner lends 
Stability to the numerical solution and does not greatly affect the estimates derived from 
them. In solving, however, it should be understood that T ,, of Eq. (16) is not the average 
metal temperature but is higher by about 0.5 (Ty) — T;). 

The q and P terms in the above equations represent heat generation and power terms 
which, of course, are proportional to the fissions occurring in the reactor. Any equations 
of reactor physics which represent these quantities may be inserted in the above equations 
to further generalize their application. 
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CHAPTER 1.9 


Thermal-stress Analysis 


R. A. Daane 


Thermal stresses occur in all parts of a reactor core as a result of the internal heat 
generated in the fissionable material and, to some extent, in all irradiated components. 
Removal of the heat produces temperature distributions which cause thermal stresses. 
Nuclear characteristics, strength, corrosion resistance, and economy considerations in 
many designs require a conjunction of various materials with different coefficients of ex- 
pansion. When large parts are connected by elements of small cross section, the resulting 
expansion differences may produce great strain concentrations. 

Rational determination of stresses and strains and their significance would require, in 
addition to complicated mathematical operations, knowledge of the behavior of the con- 
struction materials complete enough to permit the macroscopic mechanical condition of 
the material to be predicted for any conditions of temperature, stress, and stress history 
encountered in operation. Such extensive knowledge and, especially, mathematically 
useable laws formulated from such knowledge is not currently available, even for com- 
monly used materials. The theory of elasticity, based primarily on the rule that stress is 
proportional to strain, provides a satisfactory approximation to these laws for most ma- 
terials under restricted conditions, but the conditions accompanying thermal stresses in 
reactors often fall outside this restricted area. 

The primary object of this chapter is to provide a skeletal basis for attacking thermal 
stress problems in reactor designs by presenting thermal-stress formulas for a few sim- 
ple but frequently encountered cases, by indicating methods of analysis for other problems, 
and by listing some general relationships that show the order of magnitude of thermal 
stresses for selected shapes and temperature distributions. Material behavior character- 
istics which should be considered in analyzing thermal stresses and in applying the re- 
sults to reactor designs are also pointed out. A Selected Reading List is also presented 
which is grouped as follows: general methods of stress analysis, items (1) through (20); 
design data in the: form of solutions to and methods of analysis of specific types of prob- 
lems, items (29) through (44); and the mechanical behavior of materials under conditions 
related to thermal-stress problems, items (14) through (28). 


THERMAL-STRESS FORMULAS, RULES, AND RELATIONSHIPS 


The following formulas relate to elastic thermal stresses occurring at the boundary 
surfaces* of simple shapes heated internally by a constant heat generation (q) per unit 
volume, cooled uniformly on the surface, and at steady-state temperature. Heat gener- 
ation resulting from irradiation is not constant but is attenuated toward the interior of the 


* Boundary surface stresses are uSually the significant stresses since it is at the boundary surface 
that fatigue cracking usually originates. 
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material. However, this attenuation is negligible for small thicknesses and, when con- 
sidered, results in a smaller maximum thermal stress for the cases given here. Nomen- 
clature and units are presented in Table 1.9.1. 


Symbol 


yr rey ao & 


Tave 
T; : Ba etc. 


SIMPLE SHAPES 


LONG, SOLID ROD 


Table 1.9.1— Stress Analysis Nomenclature and Units 


Definition 


Inside radius of tube 

Outside radius of tube 

Curvature 

Diameter of solid cylinder 

Modulus of elasticity 

Thermal conductivity 

Heat generation per unit volume 

Thickness of flat plate 

Temperature excess with respect to reference 
temperature such that when T is uniformly 
zero, there is no stress 

Mean temperature rise 

Temperature at surface denoted by subscript 

Rectangular coordinates 

Coefficient of thermal expansion 

Unit strain 

Poisson’s ratio 

Longitudinal and circumferential stress at the 
inside surface of a tube 

Longitudinal and circumferential stress at the 
outside surface of a tube 

Stress at the boundary in a cross sectional 
plane of a prismatical shape 

Longitudinal stress in cylinder 

Stress in any direction parallel to the surface 
on side 1 of flat plate 

Circumferential stress in cylinder 


Units 


in. 

in. 

1/in. 

in. 

psi 

Btu/ (hr) (in.)(*F) 
Btu/ (hr) (cu in.) 
in. 


°F 

°F 

°F 

in. 
in./(in.)(°F) 
in./in. 
None 


psi 
psi 


psi 
psi 


psi 
psi 


The maximum stresses, except for stresses near the ends (i.e., at a distance from the 
end less than or equal to the diameter of the cylinder), are at the boundary surface. 


Max Stress, o, =o 


6 


Eaad 


Z 32k(1 — v) 


(1) 


FIXED PLATE (NOT FREE TO BEND), COOLED ON ONE OR BOTH SURFACES, WITH 


TEMPERATURE T; ON SURFACE NO. 1 AND Tz: ON SURFACE NO. 2 


, The maximum stress is at the surface with the lower temperature, T,;. At the surface 
with temperature T;: 


Max Stress, 0; = 
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(2) 
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FREE PLATE (FREE TO BEND) 


The maximum stress is at the surface of the plate and is the same at both surfaces. 


E aqt? 


Max Stress, 0; = 02 = 12k(1 —v) (3) 


HOLLOW TUBE 


The maximum stress, except for stresses near the ends, is at either the inside or the 
outside surface of the tube wall. 


2 ak qe 2 2 b* _ a? _ b* 1 
Max Stress, 02 = = zs ie [ +a —- log. b/a b/a + (T,, T,) b? _ a2 - log. b*/a? (4) 


EF lal, bi-a li _ sa -— all 
as o E con log, b/a + (Tp — Ta) b* — 2? log, b* /a? (5) 
THIN-WALLED TUBE 


When the thickness of the tube wall is less than about one-tenth of the inner radius, 
thermal stresses not near the ends are approximately the same as those for a flat plate, 
fixed against bending, whose thickness is equal to that of the tube wall. The stresses in 
this case are given by Eq. (2). 

If there are no surface forces or restraint forces, the maximum stresses near the ends 
are, for cylinders, somewhat larger than those given above by a factor which depends on 
the thickness of the tube wall. The percentage increase in maximum stress near the ends 
varies from about 10 percent for a solid rod to about 20 percent for a thin-walled tube.!? 

No simple formulas can be derived for calculating thermal stresses in more complicated 
cases. In general, solutions must be obtained by methods such as those described in items 
(1) through (20) of the Selected Reading List. 


DISTORTIONS OF LONG PRISMATICAL SHAPES 


Another frequently encountered problem in reactor stress analysis is the calculation of 
the distortions of parts the function of which would be impaired by large changes in shape. 
Reactor control rods are examples. The shapes of many such members approximate long 
prisms with temperatures constant in the z (longitudinal) direction. For such objects, the 
distortion consists of: _ 

(1) Pure bending (i.e., uniform curvature of the member in a longitudinal plane with no 
warp of cross-sectional planes and no twist). 

(2) Uniform longitudinal expansion. 

(3) Cross-sectional distortions within cross-sectional planes. 

Considering the curvature assumed by the bar as made up of two components of curva- 
ture, C, andCy (the curvature in x-z and y-z planes, respectively), these components are 
given by (assuming elastic conditions): 


We Bn C _ afTydA 6) 
I, y Ix 


C 


where the integrations are to be made over the complete area of cross section of the 
member, I, and I, are the moments of inertia about the y and x axes, respectively, and the 


‘References appear at end of chapter. 
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Xx and y axes are principal centroidal rectangular coordinate axes for the cross-sectional 
area. 


Uniform expansion of the longitudinal centroidal axis is given by: 


€ = = aT (7) 


where T,,, is the mean temperature rise over the cross section, compared with a refer- 
ence temperature for which T = 0. 

Cross~sectional distortions may be calculated for each particular case, using the equa- 
tions of elasticity for plane strain, superposing on these results the cross-sectional 
deformations: 


—p(e 


6. x-C, + y:C,) 


STRESSES IN PRISMATICAL SHAPES WITH CONSTANT AXIAL TEMPERATURES, NOT 
NEAR THE ENDS 


Boundary surface stresses are usually the most important thermal stresses. For elas- 
tic stresses at a boundary surface, Hooke’s law reduces to: 


0, — vo, = E€, 


(8) 
0, ~ vo, = Ke, 
from which: 
_—_ , 
% =; _p zt €s) (9) 
The strain, €, is: 
€, = aT, + x-C, + y-Cy — aT (at the point considered). (10) 


If the temperature distribution in the prismatical shape is such that C, = Cy =0 (which 
would be the case when the temperatures are symmetrical with respect to a pair of x and 
y axes) or if the bar is restrained against bending, then: 


gg = 2% Cane — 7) (1 + » £2) (11) 


Zz 


The stress o, and the strain €, depend on the cross-sectional shape and are not, in gen- 
eral, limited to any simply expressed value. However, if the cross-sectional shape is 
simple (i.e., does not involve thin webs or flanges) and if we are considering a point on a 
relatively smooth part of the boundary, then, in general: 


€g =€, 
so that: 
Ea -— T 
oz = = 2 Fave — 7) (12) 
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EFFECT OF AXIAL TEMPERATURE GRADIENTS IN PRISMATICAL SHAPES 


If there are no resultant forces or moments acting over any complete cross section ina 
thermal-stress problem, then, for a prismatical shape, by St. Venants’ principle,® the 
stresses at any point depend only on the temperature distribution within a short distance 
of the point (approximately a distance equal to the major dimension of the cross section). 
This is only a general rule, applicable to reasonably simple shapes. 

Accordingly, axial temperature differences do not cause appreciable stresses when the 
variation of temperature along the axis is rather gradual. The elastic stress resulting 
from an axial variation in temperature is generally less than: 


AEa (AT), 


where (AT) q is the difference in temperature occurring over a length equal to a major 
cross-sectional dimension. Even then, there must be a change in axial temperature gra- 
dient near the point considered in order to have this large a stress. (Further information 
will be found in items (39) and (40) of the Selected Reading List.) 


GENERAL CONSIDERATIONS 


THE NATURE OF THERMAL STRESSES 


The system of thermal stresses developed in an unrestrained body is that equilibrium 
system of stresses which produces strains at each point such that the total unit deforma- 
tions (thermal expansions plus strains) constitute a compatible set of deformations. In 
other words, temperature differences within a body produce strain differences and asso- 
ciated stress differences which keep the elementary parts of the body fitting together. 
Temperatures which vary linearly with respect to rectangular coordinates do not produce 
any stress in a free body because the associated expansions constitute a compatible system. 

Temperature differences do not give rise to boundary surface loads. Thus, in an un- 
restrained body, thermal stresses must be so distributed that the resultant shear force, 
normal force, and bending and twisting moments acting over any complete cross section* 
of the body are zero. 

These considerations apply to a multiply connected body considered in its entirety as 
well as to simply connected bodies. However, in a multiply connected body or in a group 
of mechanically connected parts, resultant loads and moments may act on some cross 
sections. Special attention should be given to thermal stresses in multiply connected com- 
ponents having large parts connected by relatively small sections since large resultant 
forces or moments may exist in these small sections. Reactor core structures usually 
involve such problems. The calculation of thermal stresses in multiply connected objects 
usually requires all of the considerations made in a statically indeterminate structure 
analysis. Items (6) through (9) and (38) of the Selected Reading List pertain to such 
analyses. 


THE ORDER OF MAGNITUDE OF THERMAL STRESSES AND STRAINS 


In accordance with the nature of thermal stresses, the largest thermal strain occurring 
in an unrestrained body of fairly regularf shape with a non-linear temperature distribution 


* The term complete cross section is used to aesignate a cross section or the sum of cross sections 
cutting the body into two separate parts. In a multiply connected body, it is possible to make a com- 
plete cut over a cross section (interior surface completely bounded by the external surface of the 
body) without separating the body into two parts. 

t ‘‘Regular’’ is used to refer to shapes not having sections which are thin compared with other 
parts of the body. In such thin sections, concentrated strains may occur. 
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has an order of magnitude equal to the product of the coefficient’ of expansion (q@) and the 
maximum temperature difference (AT) existing in the body. Then for elastic conditions, 
the order of magnitude of the maximum stress is: 


Stress = EQAT 


It is emphasized that these expressions are approximations and cannot be used indiscrimi- 
nately for precise calculations. The actual stress and strain depends upon the three- 
dimensional distribution of expansions, stresses, and strains existing in the body, taking 
into account the effect of strains in directions normal to the strain considered. The more 
irregular the geometry of the body, the more in error these rules may be. However, as an 
approximate rule of thumb for simple regular shapes, this estimate of maximum stress or 
strain may justify disposing of the thermal stress problem without further analysis. 

If the material is ductile and if the temperature differences are large enough to cause 
strains above the elastic limit,* then the order of magnitude of the strain for a simple 
shape is still that given by the above rule. However, the stress may be considerably 
smaller than Ea@AT, since for plastic strains a lot less stress is required to produce a 
given strain than for elastic strains. Unlike stresses caused by sustained mechanical 
loads where resultant forces and moments must be balanced by definite stresses in the 
material regardless of the strain that occurs, thermal stresses above the elastic limit 
must be calculated according to a reasonably realistic theory of plasticity, even though the 
mathematical difficulties encountered in such calculations make it necessary to use a 
greatly simplified and approximate idealization of plastic behavior. 

In recent years, much work has been done to develop applicable theories of inelastic 
stress analysis. Applicable discussions are presented in items (10) through (20) of the 
Selected Reading List. 


THE SIGNIFICANCE OF THERMAL STRESSES 


The significance of the results of thermal-stress calculations, aside from the design 
significance of the thermal strains and distortions which must be determined as a part of 
the stress analysis, is their indication of the probability that the component will fracture 
under stresses combined with mechanical loads. Thermal stresses are predominately 
biaxial or triaxial. Stress problems in reactors usually concern materials at elevated 
temperatures. Cyclic thermal stresses usually consist of large stresses with a relatively 
small number of cycles occurring during the life of the reactor. 

For these conditions, sufficient information is not available to allow accurate prediction 
of either static or fatigue fractures. However, some probable relationships between ther- 
mal stresses and different types of failure are presented in Table 1.9.2. Items (17) through 
(26) of the Selected Reading List are representative of the available information of this 
type. 


* ‘<Flastic limit’’ is the largest stress or strain which may occur in a material-without causing a 
permanent deformation; when strains are below the elastic limit strain, stress is proportional to 
strain, and the strain or deformation does not depend on time. These rules of behavior form the 
principal basis of the theory of elasticity. Except for a few materials such as bronze and mild steel, 
this usage of the term ‘‘elastic limit’’ is a simplifying idealization of the behavior of materials. For 
most materials, some permanent strain will result from even the smallest stress, and the stress- 
strain curve is actually curved from the outset, but the deviations from the idealized elastic behavior 
are very small for low stresses and gradually increase as the stresses increase. Also, at higher 
stresses, flow may occur; i.e., the strain increases with time while the stress remains constant. 
Thus ‘‘elastic limit’? is usually taken to mean a conventional elastic limit, below which the stresses 
may be calculated according to the theory of elasticity to a degree of approximation permissible for 
the given problem. Above this conventional elastic limit, the material behavior is described as being 
plastic. 
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IRRADIATION EFFECTS 


Data on the effects of irradiation on the behavior of materials are presented in Sect. 3.2; 
“Radiation and Thermal Effects,” Volume 3. 

In some materials, such as uranium and graphite, irradiation produces growth or unit 
deformations. Such deformations may give rise to stresses in the same manner that dif- 
ferential expansions produce stresses but may be much greater than the differential ther- 


mal expansions encountered. Consequently, stresses and distortions of this type should be 
considered in a reactor design. 


Irradiation in reactors may change the properties of the component materials. An in- 
crease in notch sensitivity has been found to occur in some boiler steels. These changes 
in properties may not only determine what the allowable stresses are but may also affect 
the method of analysis and especially the significance of thermal stresses. 
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CHAPTER 1.10 
Water Decomposition 


H. O. Monson 


Water subjected to reactor irradiation undergoes decomposition. In general, the amount 
of decomposition is extremely small and, for practical purposes, often may be assumed 
negligible. Among the aspects of decomposition most frequently suggested as representing 
possible practical problems are the following: effect of the decomposition products on cor- 
rosion resistance of containing vessels; requirements of degasification equipment for re- 
moving decomposition products; requirements of burner (catalytic) equipment for recom- 
bining the decomposition products to reform water; formation of explosive mixtures by 
accumulation of gaseous decomposition products; effect of bubbles of gaseous decomposition 
products on heat-transfer characteristics or on reactor reactivity; and loss of heavy water. 
Experience with reactors has shown that some of these possible problems never are mani- 
fested, while others, although they should be considered under some circumstances, are 
relatively minor in magnitude and rather easily handled in practice. 

The mechanism of water decomposition is complicated. There are many variables in- 
volved in the decomposition process, and the effects of some of these have not yet been 
completely investigated. Although the qualitative picture is fairly well developed, partic- 
ularly for water at ordinary temperature, much uncertainty remains with respect to 
many of the quantitative considerations. The intent here is to provide, first, a general 
qualitative description of the decomposition process, and second, a brief survey of quan- 
titative experimental data. 

The treatment presented here is meant to apply only to water employed for cooling or 
moderating stationary-fuel reactors, not to water used for carrying fuel. This limitation, 
in effect, limits the types of radiation absorbed by the water to gamma radiation and neu- 
tron radiation. 

A qualitative description of decomposition is given under the following headings: GEN- 
ERAL CONSIDERATIONS, an approximate picture of the gross process; THE MECHANISM, 
the role of ionization and the principal chemical reactions involved; and MAJOR FACTORS, 
the major variables and their effects upon decomposition. Finally, under PRACTICAL 
CONSIDERATIONS, general observations on decomposition which are of interest to the 
reactor designer, general rules for minimizing decomposition, and specific decomposition 
data obtained from in-reactor experiments and from full-sized reactors are presented. 


GENERAL CONSIDERATIONS 


For water at high temperatures (above about 200°F), the end products of decomposition 
are gaseous hydrogen* and oxygen. At ordinary temperatures, the end products are gaseous 


*For heavy water (D,O), all references to hydrogen are to be interpreted as deuterium. 
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hydrogen, gaseous oxygen, and hydrogen peroxide in solution. This temperature dependency 
of the nature of the decomposition end products results from breakdown of the peroxide at 
high temperatures to form oxygen (and water). 

The instantaneous RATE OF DECOMPOSITION of water is equal to the difference be- 
tween two separate rates of reaction; viz, the rate of the FORWARD REACTION, which 
converts water to decomposition products, and the rate of the BACK REACTION, which 
converts decomposition products to water. 

When water is first irradiated, no back reaction exists initially since there are no de- 
composition products present to be converted to water. The initial rate of decomposition 
is therefore equal to the rate of the forward reaction. If the decomposition is allowed to 
proceed within a closed system, accumulation of decomposition products leads to a back 
reaction by which some of the products are converted to water; the rate of decomposition, 
accordingly, is reduced. As the concentrations of decomposition products increase, the 
rate of the back reaction also increases in accordance with the mass-action law, and 
the rate of decomposition is eventually reduced to zero; that is, an EQUILIBRIUM CON- 
DITION is achieved in which the rate of the back reaction exactly equals the rate of the 
forward reaction, the rate of decomposition equals zero, and the decomposition- product 
concentrations remain constant at their maximum, equilibrium values. 

On the other hand, if the decomposition is allowed to proceed (hypothetically) within a 
completely open system, i.e., a system from which the decomposition products are re- 
moved immediately upon being formed (with the result that the concentrations of the 
products never become greater than zero), the rate of decomposition remains constant 
with time and equal to the initial, maximum rate. 

Actually, the conditions most often applying to water used to cool or moderate reactors 
lie somewhere between these two extremes. The gaseous decomposition products normally 
are being continuously removed from the water, but at too low a rate to maintain zero 
product concentrations within the water. The product concentrations therefore increase 
to some intermediate value, while the rate of decomposition (or rate of gas generation) 
decreases correspondingly. Often, an essentially constant rate of removal of decomposi- 
tion products exists, so that the system ultimately reaches a STEADY-STATE CONDITION 
in which the rate of decomposition (gas generation) equals the rate of removal and the 
decomposition product concentrations remain constant. 

Sometimes, one or more decomposition products are also generated in the water by 
some extraneous process (as, for example, generation of hydrogen by corrosion of con- 
tainer materials). The steady-state condition in such a case results when the total rate 
of generation (rate of extraneous process plus rate of decomposition) exactly equats the 
rate of removal. In practice, the decomposition products are removed from the water 
continuously by deliberate, mechanical degasification or by natural diffusion from the 
water to a gas space above the water surface. 

The preceding description illustrates the general picture of water decomposition, but 
the picture as presented is not rigorously correct. One discrepancy is that not all de- 
composition products enhance the rate of the back reaction (hydrogen does, but oxygen or 
hydrogen peroxide in excess actually inhibits the back reaction). A more accurate picture 
must consider not only this discrepancy but also a number of other factors which affect 
the decomposition process. Before taking up these factors, the general mechanism of 
water decomposition is described. 


THE MECHANISM 
Decomposition of water by reactor radiations occurs primarily because of the ionizing 


abilities of the radiations. Fission recoils, alpha particles, protons (or deuterons), 
gamma rays, and beta rays are all present within a reactor, and all are potentially capable 


176 


WATER DECOMPOSITION CHAP. 1.10 


of ionizing water. However, in stationary-fuel reactors employing water solely for cooling 
or moderating (as opposed to fuel carrying), only protons and gamma rays are effective, 
the other radiations being almost completely absorbed by fuel elements and structural 
materials before reaching the water. Protons appear in the water as a result of collisions 
between epithermal neutrons and the nuclei of hydrogen atoms of the water; the neutrons 
undergo a loss in energy, and the nuclei are ejected from their atoms as energetic pro- 
tons. The protons ionize water molecules directly, by virtue of their charge and speed. 
The gamma rays do not ionize directly but are absorbed within the water by photoelectric 
effect, Compton effect, or pair-production, each type of absorption resulting in production 
of high-speed electrons. The electrons thus produced then ionize the water molecules 
directly. 

In brief, the epithermal-neutron flux within a reactor is responsible for the production 
of protons in the water. The protons, together with the electrons produced by gamma 
rays, ionize molecules of the water to give H,o* ions and secondary electrons. Starting 
with these ions, a series of chemical reactions then automatically ensues which finally 
results in decomposition. The initial chemical reactions are: 


H,O*+t — Ht + OH 
e+ H,O—- OH +H 
which have the net result: 
H,O — H + OH (1) 
The free radicals, H and OH, then may react according to: 
H + H oe H, (2) 
OH + OH — H,O, (3) 
and these are the processes which constitute the forward reaction converting water to de- 
composition products (the H,O, being further decomposed at high temperatures to O, and 
water). 
The free radicals of Eq. (1) may also react, however, according to: 
H + H,O, — OH + H,O (4) 
OH + H, ~ H+ H,O (5) 
with the net result: 
H, + H,Q, —> 2H,O 
and these are the processes which constitute the back reaction converting decomposition 
products to water. This reaction is a chain reaction which, presumably, proceeds indef- 
initely unless interrupted by some sort of chain-termination reaction. 
There are also other reactions in which the free radicals, H and OH, may take part: 


OH + H,O, —- H,O + HO, (6) 


H + HO, — H,O, (77) 
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with the net result: 


H + OH — H,O 

or: 

H + O, ~ HO, (8) 
OH + HO, Sse H,O + OQ, : (9) 


with the same net result. The effect of these processes is to reduce the back-reaction 
rate, thereby promoting decomposition by removing H and OH radicals which are neces- 
sary to the back-reaction processes of Eqs. (4) and (5). 

The free radicals may also become involved in reactions with ionic impurities in the 
water. A number of such processes are possible, one example being: 


OH + Br” — Br + OH” (10) 
H+ Br — Br” + Ht (11) 
H* + OH” — H,O (12) 


with the net result: 
H + OH — H,O 


Regardless of the exact mechanisms involved, the effect of processes of this type is al- 
ways to reduce the back-reaction rate and promote decomposition, again by removing the 
necessary H and OH radicals. 

A reaction which complements the back reaction of Eqs. (4) and (5) is: 


2H, + O, — 2H,0 (13) 


This reaction may be considered both as radiation-induced and as a catalyzed thermal re- 
action (catalysis being effected by certain impurities in the water, as discussed later). 

With the above general mechanism in mind, various factors which have important ef- 
fects on the decomposition of water may be examined. | 


MAJOR FACTORS 


Primarily, the instantaneous rate of water decomposition and the equilibrium concen- 
trations of decomposition products within water (and therefore the maximum partial pres- 
sures exerted by the gaseous products) are dependent upon four major factors: 

(1) The nature and intensity of the radiation. 

(2) The temperature of the water. 

(3) The nature and extent of ionic impurities in the water. 

(4) The concentrations of the decomposition products in the water. 

These four factors are discussed briefly below, both with regard to water irradiated at 
elevated temperature and water irradiated at moderate temperature. Since hydrogen per- 
oxide has not been detected experimentally in water irradiated at high temperature, the 
chemical reactions which result in decomposition at elevated temperature probably differ 
somewhat from those which produce decomposition in water irradiated at moderate tem- 
perature; therefore, data pertaining to water at moderate temperature may not be applied 
unqualifiedly to water at elevated temperature. 
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EFFECT OF NATURE AND INTENSITY OF RADIATION 


The ionizing ability of a charged particle is a result of its charge and its motion. For a 
moving particle with a given charge, the probability of its ionizing molecules lying in its 
path becomes greater as the velocity of the particle becomes smaller (down to a velocity 
where the particle either has become neutralized or has insufficient energy to effect ioni- 
zation). Since the magnitude of the charge of a proton is the same as that of an electron 
and since its velocity, for the same energy, is much smaller, the probability of ionizing 
water molecules lying in the path of a proton (produced by an epithermal neutron) is much 
greater than for an electron (produced by a gamma ray). Accordingly, the ionization 
density [and therefore the local concentration of H and OH free radicals formed in ac- 
cordance with Eq. (1)] along the tracks of protons coursing through water is very much 
greater than along the tracks of electrons. 

Since gamma (electron) radiation results in the formation of free radicals only at widely 
separated intervals along the radiation tracks, the free radicals get little chance to react 
with each other to form decomposition products in accordance with Eqs. (2) and (3). In- 
stead, many drift away from the tracks into the bulk of the water and become available 
for reacting with decomposition products (to form water) in accordance with Eqs. (4) and 
(5). The ratio of the number of pairs of free radicals which form decomposition products 
to the number of pairs which become available for recombining the decomposition products 
is about one to four. This results in a weak forward reaction and a very strong back re- 
action, and in pure water, gamma radiation alone produces no decomposition. In fact, 
gamma radiation provides a reserve of recombination potential, and radiation of another 
nature which may tend to produce decomposition must first overcome this excess capacity 
for recombination before any decomposition can result. 

On the other hand, epithermal neutron (proton) radiation results in the formation of 
relatively close free radicals. Many of these radicals have the opportunity therefore to 
combine in accordance with Eqs. (2) and (3) to produce decomposition products before 
becoming dispersed. Relatively few radicals drift away from proton tracks and become 
available for the back reaction of Eqs. (4) and (5). The ratio of the number of pairs of 
free radicals which form decomposition products to the number which become available 
for recombining the decomposition products is comparatively high (the exact value of the 
ratio not yet having been determined). Consequently, a strong forward reaction, together 
with a weak back reaction, results, and epithermal-neutron irradiation of pure water 
produces appreciably high rates of decomposition. | 

When water is irradiated by gamma rays and epithermal neutrons simultaneously, the 
rate of decomposition is greatly reduced from that which would exist if neutron radiation 
alone were present. This important effect occurs, as indicated above, because the free 
radicals formed by the gamma rays and dispersed into the bulk of the water by diffusion 
help to convert the decomposition products produced by the epithermal neutron radiations 
to water through Eqs. (4) and (5). As the intensity of epithermal-neutron radiation is in- 
creased from zero for a given gamma-radiation intensity, the rate of decomposition re- 
mains at zero until the neutron-radiation intensity is sufficient to overcome the reserve 
recombination capacity of the gamma radiation. Further increase in the neutron-radiation 
intensity then results in a progressively higher (initial) rate of decomposition. The mini- 
mum neutron-radiation intensity required to effect decomposition, of course, is increased 
as the gamma-radiation intensity is increased. 

In brief, the decomposition effects on reactor water subjected to epithermal neutron and 
gamma fluxes simultaneously are these: both the instantaneous rate of decomposition and 
the equilibrium concentrations of decomposition products increase with increase in epither- 
mal neutron flux (unless the flux remains below the minimum value required to produce 
decomposition); both decrease with increase in gamma flux (unless the flux was initially 
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high enough to prevent any decomposition); of most importance, under the average neutron- 
and gamma-flux levels existing in cooling water or moderating water of present reactors, 
both the instantaneous decomposition rates and the maximum concentrations of decomposi- 
tion products are very close to zero (for initially gas-free, relatively pure water). 


LOW TEMPERATURE 


Experimental evidence indicating the relative effects of epithermal neutron and gamma 
fluxes has been obtained. Figure 1.10.1 relates the total pressure exerted by gaseous de- 
composition products (or, effectively, the concentration of the gaseous products) to the 


Ampoule Surrounded 


by 1.75 cm of Paraffin 
(to decrease epithermal 
neutron flux) 


PRESSURE , cm of Hg 


Ampoule Surrounded 


by 1.75 cm of Lead ae 
(to decrease gamma flux) ™ 


O 75 150 225 300 375 
IRRADIATION TIME, hr 


Fig. 1:10.1— Effect of Change in Nature and Intensity of Radiation upon Water 
Decomposition Product Equilibrium Pressure as Observed with Partially Filled 
Ampoules Irradiated in Oak Ridge X-10. Redrawn from ORNL-130, Oct. 11, 1949. 


irradiation time for water irradiated in a quartz ampoule at 77°F in the ORNL X-10 re- 
actor.! The slope of the curve is quantitatively indicative of the rate of decomposition; 
where a slope equals zero, equilibrium exists. On one run (upper curve) after equilibrium 
was established, a shield of paraffin was placed around the ampoule to decrease the 
epithermal neutron flux without appreciably changing the gamma flux. Upon introduction of 
the shield, the pressure fell rapidly as a result of the reduction in the forward-reaction 
rate, Eqs. (2) and (3), without an accompanying reduction in the back reaction rate. On the 
other run (lower curve) after equilibrium was established, a shield of lead was placed 
around the ampoule to decrease the gamma flux without impairing the neutron flux. On 
inserting the lead shield, the pressure rose rapidly as a result of the reduction in the 
back-reaction rate, Eqs. (4) and (5), and consequent resumption of decomposition. The 
difference between the equilibrium pressures shown for the two runs was caused by a 
difference in water purity and has no bearing en the present discussion. 


1 References appear at end of chapter. 
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The back reaction is augmented by another type of product recombination; viz, radiation- 
induced recombination of hydrogen and oxygen to form water in accordance with Eq. (13). 
Experimental evidence’ indicates that, at low temperature, the back reaction is substan- 
tially bolstered by this process (when the concentrations of hydrogen and oxygen are high) 
in liquid water but does not occur in the vapor phase. The effect of such recombination is 
to reduce the decomposition rate (except for the initial, maximum rate), as well as the 
decomposition-product equilibrium concentrations. 


HIGH TEMPERATURE 


Experimental results?** indicate that the rate of recombination of hydrogen and oxygen 
in accordance with Eq. (13) while under irradiation at high temperature is appreciable. 
Figure 1.10.2 shows, as a function of time, the total partial pressure of hydrogen and 
oxygen added to the vapor phase of an ampoule containing both liquid- and vapor-phase 


_ Added 36.4 cc (STP) 0, 
B. Added 70.5 cc (STP) Hp 


. Reactor Start-up at Epithermal 
Flux of 2 x10!! 


IN AMPOULE MINUS 


SATURATED STEAM PRESSURE, psi 


TOTAL PRESSURE 


TIME hr 


Fig. 1.10.2— Radiation-induced Recombination of Hydrogen and Oxygen in an 
Ampoule Partially Filled with Water. Redrawn from ANL-4628, May 1, 1951. 


water at 202°F.? Although the pressure remained constant in the absence of irradiation, 

a rapid reduction in pressure, indicating recombination, commenced upon start-up of the 
reactor. At high temperature, contribution to the back reaction by Eq. (13) seems to oc- 
cur in both liquid- and vapor-phase water.° Again, the result is reduction in the decompo- 
sition rate and equilibrium concentrations. 
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EFFECT OF TEMPERATURE 


The important effect of temperature is that in general, increased temperature results 
in reduced decomposition rates and equilibrium concentrations of decomposition prod- 
ucts. 

Temperature does not affect the forward-reaction rate and, consequently, does not af- 
fect the initial, maximum decomposition rate. It does, however, influence the rate of back 
reaction expressed by Eqs. (4) and (5), an increase in temperature producing an increase 
in back-reaction rate. Therefore, the rate of decomposition experienced with concentra- 
tions of decomposition products anywhere between zero (where the initial, maximum de- 
composition rate occurs) and the equilibrium value (where the decomposition rate equals 
zero) is reduced by increase in temperature; similarly, the equilibrium concentrations of 
decomposition products are reduced. 

Experimental results have been obtained which suggest that the rate of radiation-induced 
recombination of hydrogen and oxygen by the process of Eq. (13) also may be influenced by 
temperature. At elevated temperature, the rate of this reaction apparently becomes fairly 
high and is effective in reducing the rate of decomposition and the equilibrium concentra- 
tions of decomposition products. 


LOW TEMPERATURE 


In one experiment! utilizing relatively pure water in a quartz ampoule, increasing the 
water temperature from 97°F to 230°F reduced the equilibrium partial pressure (effectively, 
gaseous decomposition-product concentration) from 14 to 1.2 psi. Much of this effect is 
probably attributable to an increased rate of the back reaction of Eqs. (4) and (5). A graph 
of the data from this experiment is shown in Fig. 1.10.3. 


HIGH TEMPERATURE 


A recent series of experiments’ suggests that the rate of radiation-induced recombina- 
tion of hydrogen and oxygen in accordance with Eq. (13) in an ampoule containing both 
liquid- and vapor-phase water increases with increase in temperature up to about 300°F. 
Above about 300°F, the rate of this recombination reaction seems to be fairly high and 
essentially independent of temperature. A graph of some of the data obtained in these 
experiments is shown in Fig. 1.10.4. 


EFFECT OF IMPURITIES 


The important effect of ionic impurities is that, in general, the presence of ionic im- 
purities results in increased decomposition rates and equilibrium concentrations of decom- 
position products, some impurities producing slight increases and others producing very 
large increases. 

Ionic impurities in water have no effect upon the forward-reaction rate. Many types 
of such impurities, however, have been shown to reduce the back-reaction rate. The 
ionic impurity reacts with the free radicals H and OH by some scheme of the type illus- 
trated by Eqs. (10), (11), and (12), thereby removing free radicals which are required for 
the back reaction of Eqs. (4) and (5). Consequently, almost any ionic impurity capable of 
reacting with H and OH radicals increases the rate of decomposition (except for the initial, 
maximum rate which is not affected) by reducing the back-reaction rate and also increases 
the equilibrium concentrations of decomposition products. 

Apart from ionic impurities, suspended or colloidal impurities may be present in water. 
Like ions, such impurities have no effect upon the forward-reaction rate. Unlike ions, 
however, these impurities do not reduce the rate of the back reaction of Eqs. (4) and (5), 
because they do not readily react with and remove H and OH free radicals. Consequently, 
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Fig. 1.10.3— Effect of Temperature on the Equilibrium Pressure of Water De- 
composition Products as Observed with a Partially Filled Ampoule Irradiated 

in Oak Ridge X-10 Reactor. Redrawn from ORNL-130. Oct. 11, 1949. Pressures 
measured at room temperature during periodic removal of ampoule from reactor. 
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Fig. 1.10.4— Effect of Temperature upon Rate of Combination of Hydrogen and 
Oxygen in an Ampoule Partially Filled with Water and Under Irradiation in the 
Chalk River Reactor (NRX). Redrawn from ANL-5004, March 1953. Initial ratios 
of hydrogen to oxygen only approximately stoichiometric. 
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tn general, the presence of suspended or colloidal impurities does not result in increased 
decomposition rates or equilibrium concentrations of decomposition products. 

There are, however, a few suspended or colloidal impurities (cited below) which have 
been shown to catalyze the recombination of hydrogen and oxygen in accordance with Eq. 
(13). Here, obviously, the effect is to reduce the decomposition rate and the equilibrium 
concentrations. Such catalysis is strongly dependent upon temperature, being considerably 
greater at higher temperatures. 

Organic materials form a special class of impurities in that they readily break down 
under irradiation to liberate free hydrogen and other products. The hydrogen thus evolved 
sometimes aids in reducing the rate of decomposition, as described later. 


LOW TEMPERATURE 


Experimental evidence! indicates that some ionic impurities have a much greater effect 
on decomposition than others. Solutions of KBr, KI, CuSQ,, KCi, HCl, H,SQ,, and K,SO,, 
among others, provide ions that react with H and OH; of these, Br’, I", and Cu** ions are 
the most reactive and, even with very dilute solutions, result in extremely high equilibrium 
concentrations and decomposition rates. With neutron- and gamma-flux conditions which 
in relatively pure water would produce equilibrium partial pressures (concentrations) of 
less than 10 psi, solutions of KBr, KI, and CuSQ, may produce partial pressures of more 
than 1500 psi. Under the same flux conditions, a 0.0088N solution of HCl produces a pres- 
sure of 350 psi; a 1.03N solution of H,SOQ, produces 155 psi; and a 0.0095N solution of 
H,SO, has little effect, producing about the same equilibrium pressure as relatively pure 
water. 

Experimental evidence has been obtained‘ which shows that undissolved impurities, at 
least in the range from a few to 16 ppm, have no effect upon decomposition. 


HIGH TEMPERATURE 


Although few details are available at present, exploratory work®-* has shown that cer- 
tain impurities strongly catalyze the recombination process of Eq. (13) at high temperature. 
Among these impurities are copper, rhodium, palladium, platinum, silver, iodine, and (to 
a lesser extent) tin, iron, and titanium. This effect is important only at temperatures 
above 400°F. 


EFFECT OF DECOMPOSITION PRODUCT CONCENTRATIONS 


As indicated earlier, many of the reactions involving decomposition products are de- 
pendent upon the availability of the free radigals H and OH, this availability being prima- 
rily a function of the intensity of the existing gamma flux. Because the average gamma- 
flux intensity within present stationary-fuel reactors is relatively high, the effects of such 
reactions are of considerable importance. It should be kept in mind, however, that in a 
case where the gamma-flux intensity is low, these reactions would be expected to be rel- 
atively ineffective. The same comment is applicable to reactions involving ionic impurities, 
as described above. 

Although the concentrations of decomposition products in water have little or no effect 
upon the forward-reaction rate, they may greatly affect the rate of decomposition by virtue 
of their effect upon the rates of the processes contributing to the back reaction. The 
process of Eqs. (4) and (5) is greatly influenced by the concentrations of hydrogen and 
hydrogen peroxide in the water. As the concentration of hydrogen is increased, the rate 
of this process is increased (by the mass-action law) and back reaction is promoted. As 
the concentration of hydrogen peroxide is increased, however, a twofold effect occurs: The 
increase tends to increase the rate of the back reaction (again, by mass action); simulta- 
neously, it tends to decrease the rate of the back reaction by removing, through the process 
of Eqs. (6) and (7), the H and OH free radicals necessary to Eqs. (4) and (5). In other words, 
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the presence of hydrogen peroxide tends to inhibit decomposition on the one hand, and en- 
hance it on the other. The net effect has been shown to be a function of the ratio of the 
hydrogen concentration to the hydrogen peroxide concentration. The importance of this 
ratio is described below. 

The effect of oxygen concentration is roughly comparable to that of hydrogen peroxide: 
Oxygen tends to decrease the rate of the back reaction by removing, through the process 
of Eqs. (8) and (9), the H and OH free radicals necessary to Eqs. (4) and (5); simultane- 
ously, oxygen tends to bolster the back reaction by recombining with the hydrogen present 
in accordance with Eq. (13). 


LOW TEMPERATURE 


In relatively pure water* at low temperature (where appreciable concentrations of hydro- 
gen peroxide are possible), an important criterion for the effect of hydrogen and hydrogen 
peroxide on decomposition is the hydrogen-to-hydrogen peroxide ratio at the start of irra- 
diation. Experimental evidence! indicates that the effect upon equilibrium concentrations 
of decomposition products is as follows: For high ratios, very little decomposition occurs, 
and the equilibrium concentration of hydrogen is low, the hydrogen peroxide concentration 
very low, and the oxygen concentration effectively zero; for a ratio of unity, more decom- 
position occurs, the equilibrium concentrations of hydrogen and hydrogen peroxide are 
higher, and the concentration of oxygen becomes appreciable; for low ratios, the equilib- 
rium concentrations of all the decomposition products are relatively high. The decompo- 
sition rates effected follow the same pattern, being very low in the case of high hydrogen- 
to-hydrogen peroxide ratio and relatively high for low ratios. 

When initially gas-free, relatively pure water is irradiated within a closed system (a 
system such that decomposition products formed must remain in the water), the resulting 
decomposition rates and equilibrium concentrations are comparable to those for the unity- 
ratio case, above. However, if such water is irradiated within a system which permits 
some of the gaseous hydrogen to escape from the water, as by mechanical degasification or 
by diffusion from the water to a gas space above the water, the decomposition rates and 
equilibrium concentrations become much greater as a consequence of the lowered hydro- 
gen-to-hydrogen peroxide ratio. In either case, at low temperature, decomposition is so 
repressed by excess hydrogen that virtually no decomposition occurs at average neutron 
and gamma irradiation levels in present reactors if hydrogen equivalent to 5 to 10 psi 
partial pressure is initially dissolved (and maintained) in otherwise relatively pure water. 

The presence of oxygen in water at low temperature promotes decomposition, principally 
through the effect of Eqs. (8) and (9) on Eqs. (4) and (5) when hydrogen and hydrogen per- 
oxide are present in low concentrations. At high concentrations, it is probable that the 
same result is effected through some different process. However, as indicated above, 
maintenance of excess hydrogen precludes formation of oxygen by decomposition, and 
promotion of decomposition by the presence of oxygen may be avoided by using initially 
oxygen-free, hydrogenated water. 


HIGH TEMPERATURE 


The general decomposition mechanism and the effects of the various decomposition- 
product concentrations on decomposition of water have received much less study for high- 
temperature water than for low-temperature water. It is probable, however, that both the 


* The term ‘‘relatively pure water’’ is used in this chapter to denote water which has been treated 
by distilling, demineralizing, and degasifying so as to leave only trace amounts of impurities, in- 
cluding organics. Very approximately, a minimum specific resistance of 200,000 ohm-cm and a 
maximum gas content of 0.1 ml/liter are implied. The term ‘‘pure water’’ is reserved for the hypo- 
thetical case of water with no impurities. 
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general mechanism and the concentration effects are similar for both cases, the chief 
differences being those which stem from the rapid breakdown of hydrogen peroxide and 
consequent formation of oxygen at high temperature. Because of this rapid thermal de- 
composition, hydrogen peroxide is present at high temperature only in negligibly low con- 
centrations, and the hydrogen-to-hydrogen peroxide concentration ratio always is ex- 
tremely high. With much excess hydrogen, some tendency to repress decomposition would 
be expected. In addition, both radiation-induced and catalytic thermal recombination of 
oxygen with hydrogen in accordance with Eq. (13) are very effective at high temperature, 
further tending to repress decomposition. Finally, the low oxygen concentration found in 
high-temperature water under irradiation, as discussed below, aids in reducing decompo- 
sition. The total effect, with relatively pure water at very high temperature, is almost 
complete elimination of decomposition. 

If initially gas-free, relatively pure water at high temperature is irradiated by epither- 
mal neutrons and gamma rays, an equilibrium condition should quickly be reached in which 
the hydrogen peroxide concentration is (effectively) zero, the oxygen concentration very 
low, and the hydrogen concentration about twice that of the oxygen. Practically, this con- 
dition seldom is realized. Because the vapor pressure of water at elevated temperature is 
extremely high, almost any vessel or piping system designed to contain water within a 
reactor must be constructed of some metal with which there is associated a certain cor- 
rosion rate, or rate of reaction between the metal and the water. One result of such a 
corrosion process is the liberation of hydrogen into the water without liberation of oxygen. 
The excess hydrogen thus introduced tends to combine with oxygen present, repress de- 
composition still further, and still further lower the oxygen concentration (normally, toa 
point well below half the hydrogen concentration, although a portion of this effect is a re- 
sult of loss of oxygen to corrosion of containing materials and impurities). Of course, as 
long as corrosion continues and no water is gasified either mechanically or by diffusion 
into a gas space, the hydrogen concentration continues to rise. Consequently, an equilib- 
rium or steady-state condition is never attained under these circumstances. Normally, 
however, some degasification does occur and a steady-state condition is achieved in which 
the rate of hydrogen formation is equal to the rate of degasification and in which the hydro- 
gen concentration (as well as that of oxygen) remains constant. If the rate of degasification 
is initially so high that the hydrogen concentration is prevented from rising above a very 
low value, decomposition takes place at some constant rate which is primarily dependent 
upon this steady-state hydrogen concentration, and the rate of degasification is equal to 
the steady-state rate of hydrogen formation by decomposition plus that by corrosion; how- 
ever, if the rate of degasification is initially sufficiently low, the hydrogen concentration 
increases to a value where the decomposition rate becomes zero, and the steady state is 
achieved only if the rate of degasification is equal to the rate of hydrogen formation by 
corrosion (if the rate of degasification is higher than this, the preceding case results; if 
lower, a steady-state condition is not realized because the hydrogen concentration con- 
tinues to increase). 

The most important observation concerning effects of decomposition-product concen- 
trations is that at high temperature, initial introduction (and maintenance) of a hydrogen 
concentration equivalent to 5 to 10 psi partial pressure reduces decomposition of (other- 
wise) relatively pure water subjected to average neutron- and gamma-irradiation levels in 
a reactor virtually to zero and effectively maintains the oxygen concentration very close 
to zero. 


PRACTICAL CONSIDERATIONS 
The data presented in the following, if extrapolated in accordance with the principles 


discussed above, should permit an engineer to estimate the decomposition problems that 
may be expected in a contemplated reactor. If a precise estimate of the extent of decom- 
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position is required or if the assumed irradiation conditions are far removed from those 
in existing reactors, the reader is urged to refer to the references listed. 


GENERAL OBSERVATIONS 


(1) If pure water were irradiated in a reactor by neutron and gamma flux only, it is very 
probable that no decomposition of the water would occur because of the relatively high 
gamma flux normally associated with the average epithermal-neutron flux in a reactor. 

(2) In practice, some decomposition of water irradiated in a reactor usually does take 
place because of certain ionic impurities in the water, the effect of the impurities being 
sufficient to override the repressive effect of the gamma flux. The amount of decomposi- 
tion occurring depends upon the amount and type of ionic impurities present. The im- 
purities may have been contained in the initial charge of water or they may be introduced 
as discussed below in paragraph (3). 

(3) The material used to contain the water in the reactor may readily introduce appreci- 
able amounts of ionic impurities into the water. Because such impurities are continuously 
introduced, some of which promote decomposition, a means must be provided to remove 
them continuously from the system if decomposition must be eliminated or reduced toa 
very low value. The use of initially relatively pure water is not a sufficient precaution, in 
itself, to assure negligible decomposition. 

(4) The decomposition of water in any of the existing or currently planned reactors may 
be completely or very nearly eliminated by a combination of the following: using initially 
relatively pure water; continuously removing impurities inadvertently introduced during 
operation; maintaining a small amount of excess hydrogen (or deuterium) in the water. 

(5) In certain reactors, the effects of water decomposition are negligible even though no 
precautions are taken for minimizing decomposition; in other reactors, the effects rep- 
resent minor problems to which the solutions are readily available. 


MEANS OF MINIMIZING DECOMPOSITION 


The chief interest of the reactor designer with regard to water decomposition lies in 
reducing or, if possible, eliminating it. Based on theoretical considerations and supporting 
experimental evidence already discussed, the following are known to be effective in mini- 
mizing decomposition: 

(1) Maintain the water free of all ionic impurities which promote decomposition. *4:?—">"4 
In addition to removing impurities before the water is charged, a method for continuous 
removal (such as by by-passing a portion of the water flow through an ion-exchange bed) 
should be employed. It is especially important that Br’, I~, and Cu** ions be removed from 
water to undergo irradiation at low temperature; even slight traces of Br orT left in 
the water may be sufficient to cause a high rate of decomposition. 

The specific resistance of water is, at best, a qualitative indication of the ionic content 
with respect to the particular ions of importance in water decomposition. Nevertheless, 
regulating the specific resistance can be employed to advantage to keep the general ion 
content as low as possible and, thereby, hold the undesirable ion content to a reasonably 
low value.‘*?°!4 In general, the higher the specific resistance of the water, the less the 
decomposition. In most existing reactor systems, the specific resistance of the water is 
normally maintained within the megohm-cm range. 

(2) Maintain a certain concentration of hydrogen (or deuterium) in the water.'+3.9.1!415 
The presence of a small amount of hydrogen is normally sufficient to reduce the decompo- 
sition to zero, or very nearly zero. The exact amount required depends upon a variety of 
other conditions, e.g., epithermal-neutron and gamma flux intensities, temperature, and 
ionic impurity content. In the usual case, with water of high specific resistance, a hydrogen 
partial pressure of a few psi is sufficient. 

(3) In systems at ordinary temperature, reducing the hydrogen peroxide (or deuterium 
peroxide) and oxygen concentrations as far as possible aids in reducing decomposi- 
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tion.1>49s!1.18 This is best accomplished by initially removing all oxygen from the water 

and dissolving a small amount of hydrogen in the water before the start of irradiation; the 
presence of the hydrogen (which must be continuously maintained if any sort of degasifica- 
tion takes place during operation) then prevents appreciable formation of peroxide or oxy- 
gen. If excess hydrogen is not deliberately maintained in the water, large gas spaces 

should be avoided into which any hydrogen generated can diffuse from the water and, 
thereby, help to establish high hydrogen peroxide concentration. 

(4) Usually, the presence of undissolved solids in the water is not important.‘ Intro- 
duction of certain suspended materials, such as copper, rhodium, palladium, platinum, 
silver, and iodine®*®-’ is known to reduce decomposition at high temperature, mainly above 
about 400°F; however, the practicability of using such materials, especially in view of 
possible detrimental effects unconnected with decomposition, has not yet been established. 

Two additional means of minimizing decomposition, of possible application to in-reactor 
experimental equipment, although of little use in reactor design, are mentioned below. 

(5) Decrease the epithermal-neutron flux and increase the gamma flux within the water 
as much as possible.'*»!° Normally, both these fluxes are firmly fixed by other considera- 
tions, and no range of manipulation of either is available for reduction of decomposition. It 
is remotely possible, however, that a choice of water passage location may be made to favor 
zones of low neutron flux or high gamma flux. In some instances, it may be possible to use 
alternate structural materials or structural configuration to promote intensity of the gamma 
flux within the water. 

(6) Increase the temperature of the water under irradiation to as high a value as possi- 
ble.1+!°-18 Again, the water temperature usually is dictated by other considerations and 
cannot easily be increased solely for the purpose of reducing decomposition. In those 
cases where temperature could be increased, the problems of increased corrosion rates 
of containing materials and of providing additional structural strength to withstand the 
increased water vapor pressure would have to be weighed against the benefit in the de- 
composition problem. 


THE PRACTICAL DECOMPOSITION PROBLEM IN REACTORS 


To illustrate the problems of water decomposition encountered in practice and the 
means available for combating them, the CP-3 class of reactor is discussed below. 


CP-3 CLASS OF REACTOR 


The CP-3 class of reactor is characterized by: use of a RECIRCULATING water sys- 
tem; irradiation of the water at LOW TEMPERATURE; use of heavy water. In addition to 
CP-3, other reactors of the same general type are NRX and CP-5. Additional reactors 
which properly are classed with CP-3, although they employ light water instead of heavy 
water, are MTR, LITR, and the ORNL Research Reactor. The use of light water does not 
materially change decomposition considerations except to eliminate concern over possible 
loss of water and eliminate possible need for recombination equipment. Practically all 
decomposition data available to date on the CP-3 type of reactor have been obtained from 
CP-3 (CP-3’) or NRX. 


CP-3 (Argonne Heavy-water Reactor) 


Heavy water at low temperature is used for both cooling and moderating. The system is 
closed, the same water being continuously recirculated through the reactor. The core con- 
sists of an aluminum tank in which cylindrical, aluminum-clad fuel rods are suspended, 
and through which all the heavy water flows. A large gas space filled with helium is pres- 
ent over the surface of the water within the tank. Within the reactor, the containing 
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material is all aluminum and external to the reactor, primarily stainless steel. Approxi- 
mate values of pertinent operating conditions are as follows: 


Epithermal neutron flux 
Water temperature 
Volume of water under irradiation 


4 x 101! cm sec™ 
100°F 
5000 liters 


Volume of water in system 6000 liters 
Flow rate in main system 27,000 liters/hr 
Water pressure 15 psia 

Reactor power (heat) 275 kw 

Surface area of water-gas interface 30 ft? 

Surface area of aluminum 450 ft? 

Surface area of stainless steel 200 ft? 


In this reactor, the following conditions tend to promote decomposition: fairly high 
epithermal-neutron flux; low water temperature; high ionic-impurity content; high initial 
oxygen content; lack of introduction of excess deuterium into the water prior to and during 
irradiation; the presence of a large gas space into which the deuterium initially formed 
can escape from the water, thereby aiding establishment of a high deuterium peroxide con- 
centration. | 

Aside from the fairly high gamma flux which would be expected, there are no outstanding 
conditions present tending to repress decomposition. 

A factor which increases the importance of any decomposition which might result is that 
the decomposition products tend to accumulate since the water is irradiated repeatedly 
instead of being discharged after one passage through the reactor. A sufficiently high ac- 
cumulation of oxygen or deuterium peroxide could conceivably pose a corrosion problem; 
a sufficiently high total gas concentration could conceivably produce bubbles capable of 
interfering with desirable heat-transfer characteristics or with reactor reactivity control. 
Other factors are possible formation of explosive mixtures in the gas space within the 
tank, and the fact that appreciable decomposition may require provisions for water de- 
gasification and recombination of deuterium and oxygen (because loss of heavy water is 
economically objectionable). 

The original operation of CP-3 was carried out under the above conditions. A consider- 
able amount of decomposition occurred,!9.!4 and recombination of deuterium and oxygen 
was necessary. This was accomplished by continuously recirculating the helium-deuterium- 
oxygen mixture through the gas space in the reactor tank and through an unheated platinum- 
catalyst recombiner outside the reactor. The water was degasified adequately by natural 
diffusion into the gas space. within the tank. A helium flow of 6 cfm was found more than 
sufficient to preclude possible formation of explosive mixtures (although it probably should 
be pointed out that nitrogen impurity in the helium was observed to form nitric acid in the 
reactor water). During this initial operation, because the water system was closed and be- 
cause additions of ammonium hydroxide were made regularly for pH control, the ionic- 
impurity content of the water was very high. At one time, the water contained about 1200 
ppm of ammonium nitrate in addition to about 100 ppm of aluminum, 50 ppm of lead, and 
appreciable amounts of copper, chloride, and other metals. At that time, the following 
conditions existed: 


Water conditions: 


Specific resistance 10,000 ohm-cm 
Deuterium peroxide concentration 10 — 15 ppm 
Deuterium concentration Not observed 
Oxygen concentration Not observed 
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Water decomposition rate: 
Rate of formation of deuterium 60,000 — 100,000 mIi/hr 
Rate of formation of oxygen 30,000 — 50,000 ml/hr 


The reactor (now known as CP-3’) is being currently operated under the same conditions 
except that the water is kept relatively free of impurities. 9>14 A mixed-bed ion-exchange 
system, through which a small fraction (about 230 liters/hr) of the main system flow is 
by-passed, continuously removes ionic impurities from the water and maintains the total 
dissolved solids content at about 1 ppm. This change has resulted in the following condi- 
tions: 


Water conditions: 


Specific resistance 1,000,000 ohm-cm 

Deuterium peroxide concentration <1 ppm 

Deuterium concentration 0.08 ml/liter 

Oxygen concentration 0.01 ml/liter 
Water decomposition rate: 

Rate of formation of deuterium 200 mli/hr 

Rate of formation of oxygen Negligible 


The rates of formation of gas shown include the effects of corrosion processes. 

In this type of reactor, as indicated earlier, the inherent irradiation conditions would be 
expected to favor extensive decomposition. The original operation of CP-3 has shown that 
appreciable decomposition does occur, but that of the several possible detrimental effects 
of such decomposition cited at the beginning of the chapter, the only ones of practical 
Significance are: a possibility of formation of explosive mixtures by accumulation of the 
gaseous decomposition products; the necessity of providing burner equipment for catalytic 
recombination of the gaseous products to reform heavy water; a possibility of increaséd 
aluminum corrosion resulting from deuterium peroxide in the water. 

Present operation of CP-3’ has shown that all of the above effects are eliminated by 
maintaining high specific resistance of the water through the use of a by-pass, mixed-bed 
ion-exchange system. In spite of the many other conditions tending to promote decomposi- 
tion, the one precaution which assures low ionic content in the water is sufficient to 
virtually eliminate decomposition. It is highly probable that decomposition (by irradiation) 
would be totally eliminated if a few psia partial pressure of deuterium were maintained in 
the gas space of the reactor tank so as to keep the concentration of deuterium in the water 
at a relatively high level. 


In brief, the CP-3 class of reactor tends to produce appreciable water decomposition 
unless precautions are taken to maintain high water purity. The only problems of practi- 
cal significance resulting from such decomposition are: possible formation of explosive 
mixtures by accumulation of gaseous decomposition products; loss of heavy water; and 
possible increased aluminum corrosion because of deuterium peroxide in the water. 

The first two of these problems are satisfactorily handled by maintaining an inert-gas 
blanket over the reactor water surface and by circulating the gas, together with the de- 
composition products, through a simple platinum-catalyst recombiner. If no gas space 
exists within the reactor, one may be provided in the system outside the reactor to serve 
the same purpose; alternatively, some other sort of degasifier may be used, again in con- 
junction with a recombiner. The third problem disappears when steps are taken to reduce 
the decomposition to a low level. Decomposition may be completely eliminated, or very 
nearly so, by installation of a by-pass, mixed-bed, ion-exchange system to maintain the 
specific resistance of the water at a very high value (1,000,000 ohm-cm or higher). It is 
very probable that maintaining dissolved deuterium in the water in an amount on the order 
of several milliliters per liter, together with a high specific resistance of the water, would 
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completely eliminate decomposition (by irradiation). The available data suggest that, with- 
in a factor of about five, the rate of generation of deuterium in the CP-3 type of reactor 

(in milliliters STP per hour per liter of water volume under irradiation) is equal to 10° 
divided by the specific resistance of the water in ohm-cm (within the approximate range 
20,000 to 700,000 ohm-cm). Of course, this relation could not be expected to apply to water 
containing other than the normal types of impurities. 
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CHAPTER 1.1] 


Corrosion 


A. H. Roebuck 


GENERAL CONSIDERATIONS 


Corrosion is the destruction of a metal by chemical or electrochemical reaction with its 
environment. The selection of materials for water-cooled reactor systems involves estab- 
lishing the effect of the environment on the corrosion of a material and the effect of con- 
tamination by that material on the specific environment, that is, corrosion studies for re- 
actor systems should attempt to determine the inter-related effects of the corrosion 
process and maintenance of water purity. 

Primary considerations in the corrosion of aqueous reactor systems, in addition to those 
normally encountered in industrial corrosion problems, include the following: 

(1) Materials must be satisfactory for long service to provide a maximum of reliability 
without periodic inspection. 

(2) The dissociation of water accompanying reactor irradiation provides a constant 
source of oxygen and other decomposition products for corrosion processes. The concen- 
tration of dissolved oxygen is a very important factor in steel corrosion. 

(3) If continuous and appreciable corrosion is possible, removal of the resulting cor- 
rosion product must be considered to minimize preferential deposition on heat-transfer 
surfaces or in high-flux zones. 

(4) Water purity should be maintained within limits dictated by radioactivity tolerances, 
shielding requirements, accessibility of primary components for repair, and decomposi- 
tion problems. 

(5) The effects of irradiation on corrosion processes, although probably of secondary 
importance, should be evaluated. 

(6) The effects that impurities produced by corrosion processes have on the dissociation 
of water must be taken into consideration. 

(7) Materials should be resistant to water that contains such additives as corrosion 
inhibitors or poisons for excess reactivity. 

Materials are, for convenience, generally classified as fuel-element materials or con- 
struction materials. Fuel-element materials include fuel materials and cladding or can 
materials. The most frequently used clads are aluminum and zirconium, but stainless- 
steel and beryllium clads have also been considered in design studies. Construction ma- 
terials of primary interest are the general engineering materials and special alloys used 
for pressure vessels or containing tanks, piping, fuel-assembly supports, control elements, 
core-drive mechanisms, thermal and neutron shields, and the like. The primary construc- 
tion material for low-temperature reactors is aluminum; stainless steel, zirconium, and 
other corrosion-resistant metals are used in high-temperature reactor applications. 
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FUEL-ELEMENT MATERIALS! 


In current water-cooled reactor design, the fuel material is clad to prevent corrosive 
attack of the uranium or its alloy. Alloys containing high percentages of uranium are at- 
tacked rapidly in water at temperatures above 300°F. 

Corrosion and scale formation are limiting factors in fuel-element design because the 
maximum coolant temperature and maximum fuel-element surface temperature are dic- 
tated by the corrosion characteristics of the cladding. Burn-up effects and other irradia- 
tion phenomena influence performance but in most cases are not limiting. An analytical 
discussion of these effects is presented in Chapter 1.7. 

Although the primary purpose of the fuel-element cladding in water-cooled reactors is 
to prevent the coolant from attacking the fuel alloy, the cladding must also prevent fuel- 
alloy fission products from dispersing into the coolant, and in some cases it must also 
provide structural strength. The cladding must therefore have sufficient corrosion resist- 
ance to protect the fuel alloy for the core life or cycle time. 


CONSTRUCTION MATERIALS 


General corrosion leading to large amounts of corrosion products in the coolant stream 
is to be avoided. Corrosion products in the coolant tend to deposit on high-temperature 
heat-transfer surfaces, in dead spaces (sometimes in areas of high flux), and often in 
small constrictions (e.g., instrumentation lines) causing total or partial plugging. Deposi- 
tion of suspended material in or around close-fit moving parts may cause them to fail or 
malfunction, e.g., close-fitting shaft and sleeve mechanisms may freeze if excessive 
amounts of corrosion products accumulate in the shaft-sleeve gap. Insoluble corrosion 
products in the coolant have an erosive action on impellers and/or sharp elbows. Corro- 
sion products in the coolant stream, especially from high-cross-section materials, may 
also cause changes in the nuclear characteristics of a reactor. 

An appreciable amount of corrosion may cause positive or negative changes in dimen- 
sions. If an adherent insoluble oxide is formed as the metal corrodes, the dimension 
change may be positive. If, however, the corrosion product is soluble or nonadherent, di- 
mension changes will be negative. Either change may cause malfunction of close-fitting 
mechanisms. 

A higher level of corrosion can be tolerated from parts of limited surface area. Ma- 
terials having desirable physical properties but not normally acceptable corrosion re- 
sistance may be used in this instance. Application of these materials is limited to 
mechanisms where close tolerance is not necessary and to sizes or areas where the 
higher corrosion rate will not introduce excessive impurity. 


FACTORS AFFECTING SYSTEM CORROSION 


TEMPERATURE 


Corrosion rates generally increase with increasing temperatures, but the corrosion rate 
vs temperature curve is usually logarithmic, not linear. The temperature range in which 
the increase in corrosion rate becomes critical depends upon the specific material. For 
example, the corrosion rate of AISI type 300 stainless steels does not generally increase 
radically from 500° to 650°F, whereas the corrosion rate of uranium increases rapidly 
from 300° to 450°F. A small increase in water temperature above that normally considered 


! References appear at end of chapter. 
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to be the maximum for satisfactory corrosion resistance may result in a large increase in 
corrosion rate. 

The exact temperature dependence of corrosion is not always readily predictable as 
corrosion processes may be influenced by other factors which are themselves dependent 
on temperature. Such factors include dissolved-oxygen concentration and corrosion- 
product solubility. 


IMPURITIES 


Water purity, a major factor in the corrosion resistance of reactor systems may be 
controlled. Soluble ions that promote galvanic corrosion and dissolved gases that are 
similarly deleterious should be held to a minimum. In addition, insoluble corrosion prod- 
ucts that would accelerate corrosion, erosion, or deposition on heat-transfer surfaces 
must be carefully controlled. 

Additives to water might be desirable for certain applications, such as: (1) addition of 
soluble solutions of high-cross-section materials to effect emergency shutdown or control 
excess reactivity; (2) addition of buffer solutions to adjust the pH and improve corrosion 
behavior; and (3) addition of gases to increase the pressure or to provide chemical poten- 
tial, such as adding hydrogen to force oxygen recombination. 


INSOLUBLE PARTICLES 


Insoluble particles may generally be removed by mechanical methods or sedimentation. 
Filters are commonly used in closed-cycle high-temperature reactor systems, either by 
inserting them directly into the system or by utilizing the retention of insoluble particles 
in ion-exchange resins and their protective screens. 


DISSOLVED GASES 


Oxygen 


The corrosion resistance of some engineering metals and alloys depends markedly on 
the concentration of dissolved oxygen in the reactor system. Most metals can be placed in 
one of two broad classifications: Maximum corrosion resistance is exhibited (1) either in 
the absence of oxygen or (2) in the presence of a particular (and usually large) oxygen 
concentration. There is evidence that some metals can be placed into both classifications; 
these metals show high corrosion susceptibility between two oxygen concentration regions 
where low or minimum corrosion is observed. Such behavior is exhibited by some of the 
stainless steels and probably always involves corrosion mechanisms which change with 
changing oxygen concentration. 


Hydrogen 


Certain metals exhibit exceptionally high corrosion resistance in high-temperature 
water systems containing large amounts of dissolved hydrogen (more than 50 m1/l). AISI 
type 300 stainless steels show the most pronounced effect; tensile tests on samples ex- 
posed to 500°F water containing hydrogen have not shown changes in physical properties. 
High-temperature aqueous systems containing large excesses of hydrogen have been found 
to be essentially free of dissolved oxygen. Most of the metals which exhibit high corrosion 
resistance in the presence of excess hydrogen also show high resistance in systems of 
minimum oxygen content. The effect of dissolved hydrogen on corrosion is thus postulated 
to be related to the effect of hydrogen on the oxygen concentration. 
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Control of Gas Content 


Dissolved gases may be removed or their concentrations reduced by several methods. 
Mechanical degasification may be accomplished by spraying the water into the vapor phase 
and continually venting a small amount of vapor. The concentration of dissolved oxygen, 
for instance, may be reduced to 0.2 ml/l1 or less by this method depending on the efficiency 
of the degasifier, how long it is operated, and the concentration of dissolved oxygen in the 
make-up water used. 

Oxygen may also be removed by the addition of excess hydrogen and by the use of oxy- 
gen-absorbing resins.” The introduction of hydrogen in amounts greater than 50 ml/1 has 
been found to shift the equilibrium of the reaction: 


H, + 40, ac H,O (1) 


toward the right. The use of an oxygen-absorbing resin is also effective, but because the 
resin contains metallic copper, precautionary measures must be taken to remove any 
copper ions introduced into the coolant. 


SOLUBLE SALTS 


Of particular concern to reactor performance is the presence of chloride ions and the 
soluble salts of heavy metals. Soluble salts of any kind will usually intensify general at- 
tack and perhaps cause other undesirable effects. Special care, however, must be exer- 
cised to ensure the absence of chloride ions. Concentrations exceeding a few ppm may 
greatly increase corrosion. Stainless steels, beryllium, aluminum, and aluminum alloys 
are particularly susceptible to attack by chloride ions. Soluble salts of heavy metals such 
as copper, cadmium, cobalt, gold, lead, and silver intensify local attack and pitting. Heavy 
metals tend to deposit or plate out in metallic form and provide bi-metallic systems in 
which the heavy metal is the cathode. 

Soluble-ion content may be reduced appreciably by demineralization, and conventional 
practice is to bypass a certain amount of the coolant through resin beds. In high-tempera- 
ture water systems, the bypass flow must be cooled to approximately 140°F, the maximum 
operating temperature of ion-exchange resins. Values for the specific resistance in sys- 
tems operating with demineralizers are given in Chapter 1.10 “Water Decomposition.” 


EFFECT OF pH 


In reactor systems composed of various types of metals, a pH useful in controlling the 
corrosion of one material may accelerate that of another. Metal combinations and as- 
semblies should therefore be thoroughly tested under the proposed pH conditions before 
they are used in reactors. 

Alkaline conditions are useful in reducing the corrosion of steels and ferrous alloys. 
Alkaline systems (high pH) are often used industrially to control corrosion in steel boiler- 
condenser systems. These systems are generally not required to meet rigid water 
specifications on allowable ion content or specific resistance such as are often necessary 
for reactors. 

Slightly acid conditions are useful in controlling the corrosion of metals such as alumi- 
num and aluminum alloys (see later discussion of aluminum and aluminum alloys). 


EFFECT OF IRRADIATION 


Data on samples of engineering materials tested in high-temperature water loops in 
operating reactors indicate that irradiation does not significantly affect the corrosion rate 
of these materials for general reactor application. The water velocity in these tests was 
about 10 ft/sec, and the maximum temperature studied was 540°F. Various materials have 
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been tested under an integrated neutron flux of up to 10'® nvt thermal and 10*' fast. Control 
samples were tested in these loops under the same conditions except that they were not 
under reactor irradiation. While a tendency toward preferential deposition of corrosion 
products in high-flux zones has been noted, no corrosion effects on the samples directly 
attributable to irradiation were observed. 


COUPLE AND CREVICE EFFECTS 


Active metals are defined as metals high in the electromotive force series. They usually 
show a tendency to oxidize or corrode easily. Inactive (noble) metals, on the other hand, 
are defined as metals low in the electromotive force series and are metals usually resist- 
ant to corrosion. If an active metal is placed in contact with an inactive metal, electrons 
flow from the active to inactive metal. This imposes a more positive charge on the active 
metal and causes it to corrode even more rapidly than it ordinarily would. 

It is desirable to avoid contacts between metals widely separated in the electromotive 
force series. Contacts between any two metals which do not build up protective films of 
high electrical resistance should also be avoided. Such contacts will increase the tendency 
of the active metal to corrode and will correspondingly protect the more noble metal. A 
corroding bi-metallic couple in an aqueous system may be thought of schematically as 
three resistances in series: 

(1) Anodic resistance 

(2) Cathodic resistance 

(3) Solution resistance 
Any process which will increase these resistances will reduce corrosion. Anodic resist- 
ances may be increased by film build-up, and the solution resistance may be increased by 
demineralization. In systems containing high-resistivity water, the solution resistance is 
very high; this high resistance prevents extensive galvanic corrosion which might other- 
wise be introduced by couples or crevices. 

Certain couples tend to pitting of the contact faces and should be avoided except for 
limited-surface applications. Nickel, nickel-base alloys, AISI type 400 stainless steels, 
copper, and copper alloys behave in this fashion when coupled to most other metals in 
oxygenated water at 200°F and higher. Nickel and nickel alloys exhibit the most pronounced 
effect. 

Gaps or crevices in a system should be avoided if possible. In static systems or in dead 
spots such as close-fitting, non-moving parts in dynamic systems, corrosion products 
build up at the mouth of fine crevices or gaps. In some cases, blisters form; in others, 
ridges of corrosion products are produced. Corrosion product build-up on close-fitting 
shaft-sleeve mechanisms may cause sticking or freezing. A larger shaft-sleeve clearance 
lessens the tendency for freezing; the proper clearance depends on: 

(1) Length of shaft contact with sleeve 

(2) Temperature, coolant, severity of conditions, and the like 

(3) Diameter of the shaft 

(4) Frequency of use (continuous or intermittent) 


At 500°F in degassed water, a clearance of 2 to 3 mils has been found satisfactory for a 
',-in.-diameter shaft in a *4-in.-long sleeve which is moved continuously or at least once 
a week. If longer periods between movement are anticipated, the clearance should be 
doubled to prevent freezing. In general, the required clearance of shaft sleeves for work- 
ing parts increases with (1) increased contact length and shaft diameters and (2) corre- 
sponding temperature rises. However, the ratio of the required clearance per inch of 
shaft diameter to the shaft diameter decreases with increasing diameter of the shaft. Be- 
fore acceptance, the assembly should be tested under the proposed conditions. 

Small gaps or fine crevices are not open to circulation if they are of any depth. For this 
reason, the ion concentration builds up in these areas, and the oxygen concentration is 
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depleted. The increased ion concentration results in a lower specific resistance of the 
medium in the gap and increases the possibility of galvanic attack. If system flow does not 
wash away corrosion products, the oxygen concentration in the crevice will be depleted, 
and the corrosion process will often be self-limiting. Systems containing water having a 
high specific resistance are less susceptible to galvanic attack. 

If system water does not have high specific resistance and if the dissolved oxygen con- 
centration is depleted locally, the metal contacted by the depleted water will develop a 
different potential than the adjoining metal. This leads to increased corrosion and is 
known as the “oxygen cell effect.” Gaps and crevices are susceptible to this effect. 


EFFECT OF COOLANT VELOCITY 


Erosion may be defined as the destruction or loss of metal or other material by the 
abrasive action of liquid, vapor, or gas. The presence of suspended solids usually in- 
creases the erosive action of a medium; care must therefore be exercised to remove 
these solids from high-velocity systems. 

Metals which resist water corrosion at temperatures up to 500°F are unaffected by flow 
rates up to 30 ft/sec. Metals in this class include stainless steels, zirconium and zirconi- 
um alloys, cobalt alloys, and several silver-platinum-cobalt alloys; aluminum and alumi- 
num alloys are also unaffected by these flow rates provided the temperature and pH do not 
exceed the range where aluminum has satisfactory corrosion behavior. Materials which 
are susceptible to corrosion or which have limited corrosion resistance almost always 
show increased corrosion rates under flow. Thorough testing is recommended before 
specifying such materials for reactor use. 

The rate of flow is apparently important in determining the amount of corrosion product 
deposition. Heaviest deposition occurs mainly in stagnant areas or areas of low flow rate. 
At 500°F, heavy deposition occurred at velocities less than 2 ft/sec. 


CORROSION DATA FOR REACTOR MATERIALS 


Table 1.11.1 presents a tabulation of the relative corrosion resistance of various metals 
and classes of metals in high-purity degassed water up to 650°F. The table is used only to 
indicate the general class of materials that may be considered for water systems operating 
at the indicated temperatures. The corrosion behavior of specific metals and alloys under 
various test conditions simulating reactor conditions are presented under subsequent 
headings. Table 1.11.2 lists some terms and test conditions used in the following discus- 
sions. | 

Judgement must be exercised in extrapolating test data to select reactor materials since 
water purity, water composition, and velocity effects may differ considerably. For in- 
stance, the magnitude of oxygen concentration (usually low) predicted for a new reactor is 
difficult to simulate during a test program. In addition, oxygen concentrations may not be 
uniform in all sections of a reactor or test apparatus. 

In evaluating test data weight-change rates and visual observations of the amount and 
type of corrosion products formed were used as primary criteria for accepting materials. 
No attempt was made to remove corrosion products after the test or between test periods. 
The corrosion behavior of many highly resistant materials was not reflected in the rates 
of weight change. Visual examination, however, indicated typical corrosion behavior since 
adherent oxide films were rather readily distinguished from loose flaky films and/or pitting, 
couple effects, and the like; accordingly, the reported data contain descriptions of typical 
corrosion products. In general, a material having a rate of weight change of less than 0.3 
mg/(cm?*)(mo) and showing a thin adherent corrosion film has been considered satisfactory. 
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Table 1.11.1—General Corrosion Resistance of Metals in Degassed Water 


Corrosion resistance* 


Material 200°F 300°F 400°F 500°F 600°F 650°F 


Aluminum 
Beryllium 
Chromium plate 
Cobalt alloys 
Copper 
70-30 copper-nickel 
Bronze 
Gold 
Magnesium 
Nickel 
Nickel alloys 
Monel 
Inconel 
Hastelloy 
Platinum 
Steels 
Carbon 
Stainless 
Austenitic 
Ferritic 
Heat resisting 
Martensitic 
Precipitation hardening 
Silver 
Titanium 
Thorium 
Uranium 
Zirconium (crystal-bar) 
Zirconium-tin alloys 
2'4% tin 
114% tin + trace elements 
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*G = Good — Appearance: no apparent corrosion products; clean tarnish film. 
Weight change: less than 0.3 mg/(cm*)(mo) 
D = Doubtful — (1) Appearance: no apparent corrosion products; clean tarnish film. 
Weight change: greater than 0.3 mg/(cm?)(mo) 
— or (2) Appearance: some apparent corrosion products on surface or moder- 
ate amount of pitting and spalling 
Weight change: less than 0.3 mg/(cm*)(mo) 
P = Poor — Appearance: heavy deposit of corrosion products on surface, or general deep 
pitting and spalling 
Weight change: greater than 0.3 mg/(cm?’)(mo) 
tRecent tests show that these materials have satisfactory corrosion resistance in 750°F 
superheated steam 
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Table 1.11.2— Terms and Test Conditions 


Corrosion rate The amount of metal penetration or weight of metal lost 
per unit area per unit time [(inch/yr, mils/mo, mg/ 
(cm?)(mo)]. A distinction is made between a corrosion 
rate and a weight-change rate. The corrosion rate may 
be determined from the metal corroded vs time curve 
as illustrated in Fig. 1.11.1; the corrosion rates usual- 
ly reported are taken from the slope of the linear por- 
tion of such a curve. Inclusion of accelerated corro- 
sion resulting from initial surface conditions is thus 
avoided in this interpretation, and such rates may be 
extrapolated to longer periods of time. 


Weight change The change in weight of a sample per unit area 
(mg/cm?’). In determining a weight change, the original 
sample is weighed without any attempt to remove ad- 
herent corrosion products. Weight change may express 
weight loss (minus) or weight gain (plus). 


Weight-change rate The weight change per unit area divided by time under 

(Rate of weight change) test [mg/(cm?)(mo)]. In determining the rate of weight 
change, the original sample is weighed after each test 
period without any attempt to remove adherent corro- 
sion products. 


Gas concentrations Gas volumes are calculated for solutions at room tem- 
perature and atmospheric pressure and are expressed 
as milliliters of gas per liter of water (ml/l). 


Degassed water Routine laboratory test water, degassed by boiling, has 
an oxygen content of about 0.1 to 1 ml/I. In special 
tests employing deoxygenating resins, the oxygen con- 
tent is reduced to less than 0.05 ml/1. 


ALUMINUM AND ALUMINUM ALLOYS* 


Aluminum and aluminum alloys have excellent corrosion resistance in many aqueous 
environments. Commercially-pure 2S aluminum is useful in reactors as cladding and tub- 
ing. No significant amount of information about corrosion rates of aluminum in nearly 
pure water exists in the open literature, and all of the results presented here are from 
project sources. Differences in the corrosion rates of aluminum in neutral or slightly acid 
solutions caused by such variables as solution flow rate, hydrogen peroxide concentration, 
calcium-, magnesium-, and several mixed-salts, the presence of soluble oil, dissolved 
oxygen content, several metal surface pre-treatments, and irradiation during exposure 
were unmeasurable with the methods used. It was generally agreed that dilute hydrogen 
peroxide and the higher flow rates (above 10 ft/sec) decreased the prevalence of pitting.*~-*4 


EFFECT OF TEMPERATURE AND pH AT TEMPERATURES ABOVE 100°C (212°F) 


The corrosion of 2S aluminum in relatively pure water is shown in Fig. 1.11.1. After an 
initial period of relatively rapid corrosion, the rate diminishes to a constant value. The 


* This sub-section on aluminum and aluminum alloys was prepared by J. E. Draley, Metallurgy 
Division, Argonne National Laboratory. 
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Fig. 1.11.1—Corrosion of 2S Aluminum in Oxygen-saturated Distilled Water 
at 50°C (122°F). Submitted by Argonne National Laboratory, Sept. 16, 1952. 


slope of this linear portion of the curve is often called the corrosion rate, since it can be 
extrapolated to long times. | | 

Such corrosion rates are plotted in Figs. 1.11.2 and 1.11.3 as a function of temperature. 
In Fig. 1.11.2, three curves have been drawn: one for approximately neutral distilled 
water, one for dilute potassium hydroxide solution (pH 8 to 9), and one for dilute sulfuric 
acid (pH 4.0 to 4.4). Inaccuracies in the data plotted are such that considerable care 
should be taken in their interpretation. Points are given, at temperatures below 100°C 
(212°F), for water containing hydrogen, helium, or oxygen. Points used for the neutral 
water curve are the helium and hydrogen-saturated cases. At 200° and 275°C (392° and 
527°F), the water was not changed for the duration of individual exposures. After seven 
days at higher temperature, the water pH had risen to above 8, and an intergranular attack 
had apparently started by ten days, as shown in Fig. 1.11.4. Subsequent to that time, more 
rapid attack and general disintegration occurred. Rates before eight and after ten days 
are plotted in Fig. 1.11.2 for that temperature. 

Examination of the curves in Fig. 1.11.2 shows straight-line relationships between log 
corrosion rate and 1/T, with sharp changes in slope between 100°—150°C (212° and 300°F). 
These breaks perhaps correspond to the transition in the composition of the corrosion 
product as the temperature is changed. The product at elevated temperatures is the alpha 
monohydrate of aluminum oxide. At lower temperatures, the composition is usually the 
beta trihydrate. Apparently, the transition between the two oxides is a function not only of 
temperature but also of water purity or solution composition. The high-temperature data 
will soon be issued in topical report form.'® 


EFFECT OF pH, WATER COMPOSITION, AND VELOCITY BELOW 100°C (212°F) 


Aluminum suffers rapid attack in either alkaline or strongly acid media. The rate of 
corrosion is seen to be lowest in the general pH region of 4.5 to 7.0, with a minimum at 
about 6.5 (see Fig. 1.11.5). Within that range, the temperature and flow rate caused no 
large variation in corrosion rate. However, the presence of only 2 ppm chloride ion 
caused a noticeable increase in pitting, the effect beginning at about pH 6 and increasing 
as the pH was decreased. No pitting was observed in the absence of chloride ion and very 
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Fig. 1.11.2— Aqueous Corrosion of 2S Aluminum, Submitted by Argonne 
National Laboratory, Sept. 16, 1952. 
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little when it was present at a concentration of 1 ppm. At pH above 7 and below 4.5, cor- 
rosion rates are seen to increase sharply. In both regions, a positive dependence of cor- 
rosion rate on flow rate is exhibited. Above pH 7, increasing the temperature from 70° to 
95°C (158° and 203°F) increases the corrosion rate; below pH 4, the reverse seems to be 
true. 

These data were obtained in recirculating systems to which was continuously added 
fresh solution of suitable composition. Water composition thus remained constant. Solu- 
tion flow rates past specimens were from 9 to 38 ft/sec. Within the pH range of 5 to 7, the 
solute concentrations varied throughout the following ranges from one test to another: 
chloride, 0 to 2 ppm; hydrogen peroxide, 0 to 10-°M; sulfate, up to 100 ppm; magnesium, 

0 to 6 ppm; calcium, 0 to 20 ppm. These variations did not have a consistent significant 
effect on the corrosion rate. Dilute hydrogen peroxide and the higher flow rates (above 

10 ft/sec) decreased the prevalence of pitting. Slightly lower corrosion rates are typically 
observed in good quality distilled water (ca. 1 megohm-cm specific resistance) because of 
the presence of hydrogen peroxide at 50° to 95°C (122°—203°F). See Fig. 1.11.2. 

Halide ions are generally deleterious to aluminum in water, corroding it in decreasing 
severity in the order: chloride ion, bromide ion, and iodide ion. Fluoride ion usually does 
not cause as rapid corrosion as the other halides. The harmful effect of the chloride ion 
is enhanced by the presence of small amounts of ions of heavy metals such as copper and 
iron. Even under conditions where the over-all corrosion rate is not significantly in- 
creased, these ions often cause severe local attack or pitting. Such behavior spoils the 
usefulness of the metal in many applications where perforation of the piece cannot be 
tolerated. 


EFFECT OF ALLOYING 


It is generally true that the commercial alloys of lowest additive content are most cor- 
rosion resistant. Although a certain minimum silicon content may be essential for the best 
corrosion resistance, commercial alloys have more than this minimum amount. Most 
metallic constituents are relatively insoluble in aluminum at ordinary temperatures and 
usually are present in a separate phase. If this separate phase has a markedly different 
solution potential than the aluminum matrix, local galvanic cell action is intensified, often 
resulting in considerably increased corrosion. 

The corrosion resistance of aluminum alloys other than 2S in high-purity water has not 
been thoroughly investigated. The corrosion of 63S aluminum is very much like that of 2S 
at 200° and 115°C (392° and 239°F) in boiled distilled water.’? Alloys 52S and 61ST corrode 
similarly to 2S at 35° and 70°C (95° and 158°F).'° The 72S alloy corrodes at approximately 
the same rate as 2S, but with a greater pitting susceptibility, at temperatures from 70° to 
94°C (158° to 201°F).'* Alloys containing much more than the minimum critical amount of 
silicon generally corrode somewhat more rapidly than 2S and exhibit a greater suscepti- 
bility to pitting attack.!5-?° 


COUPLE EFFECT 


Aluminum is an active metal and would be expected to corrode more rapidly when ex- 
posed to the corroding medium while electrically connected to most other metals. In many 
aqueous media, this phenomenon does occur. Coupling to a cathodic material such as 
copper, brass, stainless steel, or graphite frequently causes rapid pitting of aluminum. 
Depending on the conditions, the attack may be largely adjacent to the cathodic metal or 
spread out over most of the aluminum surface. In Columbia River water, real and simu- 
lated, severe aluminum corrosion results from coupling to graphite.”° In distilled water, 
aluminum is generally highly resistant to the anodic attack although it is anodic to most 
metals.”! In the absence of oxygen, the corrosion rate of 2S aluminum is perhaps some- 
what reduced by coupling to graphite.” At temperatures above the boiling point, no signifi- 
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Fig. 1.11.3—— See facing page for legend. 
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Fig. 1.11.3—Corrosion Rate of Various Aluminum Alloys as a Function of 
Temperature and Water Condition. Reprinted from NAA-SR-94, 1950. 


LEGEND* 
Water 

Test Type of flow, Type of Other Test time, 
No. aluminum ft/sec water pH Additives water data hrt 
1 28-72S clad 20 Demineralized 7.5 Dichromate Degassed 500 
2 28-728 clad 20 6.5 6. cee 500 
3 2S-72S clad 20 Demineralized 6.5 ... Degassed 500 
4 2S-72S clad 20 7.5 Dichromate eee 500 
5 28 20 7.5 Dichromate Degassed 6000 
6 28 sae 7.5 Dichromate eee 4500 
7 728 isis 7.5 Dichromate esis 4500 
8 356 Static Demineralized 6.0 0.005M H,O, .... 1000 
9 2S Static Distilled 5.9 oe. dees 720 
10 2S ean Distilled 6.0 Sat. CO, eee 342 
11 2S 15 Distilled 6.0 0.00001N H,O, ... 700 
12 356 7 Demineralized 6.0 0.0005M H,O, ... 1000 
13 356 7 Demineralized 6.0 ... Degassed 1000 
14 356 7 Demineralized 6.0 0.005M H,O, 1000 
15 356 Static Demineralized 6.0 ... Degassed 1000 
16 356 Static Demineralized 6.0 0.005M H,O, ..- 1000 
17 356 Static Demineralized 6.0 0.0005M H,O, ... 1000 
18 2S 3 Distilled iy ere Degassed 120 
19 28 Static Distilled 6.5 ... Degassed 48 
20 2S 3 Distilled 4.8 0.05M H,O, Degassed 285 
21 2S Convect. Distilled 6.5 ... Degassed 48 
22 28 3 Distilled 5.7 ass Degassed 150 
23 28 3 Distilled 5.7 0.0001M H,O, Degassed 55 
24 2S 27 Distilled 6.5 —O, ee 470 
25 28S 27 Distilled 6.5 —H, ee 650 
26 28 Static Distilled 6.5 ... Degassed 720 
27 28 Static Distilled 6.5 —H, has 720 
28 2S Static Distilled 6.5 —H,0, wes 20 
29 Alclad Static Distilled 6.0 ... Degassed 140 
30 72S Static Distilled 6.5 ... Degassed 48 
31 24S Static Distilled 6.5 ... Degassed 48 
32 28 Static Distilled 6.5 ... Degassed 48 


*Points are estimated mean values for corrosion rates; deviations as high as a factor of 
2 are often encountered 
+The tests run at 212°F were for 1000 hr duration instead of 48 hr. In general, corrosion 
rates of Al measured over short periods of time are too high 
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Fig. 1.11.4——Section of 2S Aluminum Sample at Corroded Surface Showing 
Intergranular Attack after Ten Days in Distilled Water at 275°C (526°F). Re- 
printed from ANL-4581, Dec. 31, 1950. (magnification 250x) 
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Fig. 1.11.5—Effect of pH and Other Variables on the Aqueous Corrosion of 2S 
Aluminum, Reprinted from CT-3027, Reference (11), June 19, 1945. 
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cant galvanic effect is observed when it is coupled to graphite. At 100°C (212°F) or lower, 
no significant galvanic effect is observed where the aluminum is in open contact with 
water, but considerable attack occurs within the crevice formed by fastening the piece of 
aluminum to a piece of graphite or stainless steel.®* It is possible that such crevice effects 
are the result of increased alkalinity caused by the corrosion reactions in the very small 
amount of water stagnant within the crevice. The effect does not occur in 10 °N hydrogen 
peroxide solution at 40°C (104°F). Couples with graphite and with stainless steel tested in 
-107°N hydrogen peroxide showed no attack, even in the crevice.“ 


IRRADIATION EFFECT 


Tubes fabricated from 2S aluminum are now in use in several reactors. No evidence of 
increased corrosion caused by irradiation effects upon the metal has been noticed. 


PROTECTIVE MEASURES 


Protective methods used to prevent rapid corrosion of aluminum include the use of in- 
hibitors. Those used most are oxidizing agents, with chromate or dichromate being out- 
standing. Substances in this category are added to the corroding solution and apparently 
help to repair breaks in the protective oxide film, thereby stifling any reaction at the local 
anodes on the metal surface. 

Another method used is the application of a protective layer on the metal before it is 
exposed to the corrosive environment. Such coats include paints and the products of 
chemical or electrochemical treatment. Chemical baths are used to form a coat of low 
porosity and solubility, such as aluminum phosphate. In the electrochemical treatment, 
the metal is “anodized” in one of a variety of solutions; this treatment applies a layer of 
aluminum oxide to the surface. All pretreatments have the disadvantage that the effect is 
not permanent. If the applied coating is perforated either by mechanical or chemical 
means, the resulting penetration of the base metal may be worse than if it had not been so 
“protected.” 

Aluminum is also protected from severe corrosion by “cathodic protection.” A current 
is passed to the metal from a separate electrode in a direction that increases the rate of 
the reduction reactions at the aluminum surface and limits oxidation reactions, or corro- 
sion. If a sufficiently high current is used, anodic reactions of aluminum are prevented 
and no corrosion occurs. 

Protection from penetrating pits is sometimes achieved through the use of “Alclad” 
parts. A thin layer of an anodic aluminum alloy is metallurgically bonded to the surface of 
the structural alloy which is to be subjected to the corrosive environment. If pitting 
proceeds through the clad to the base metal, penetration stops because the cladding sacri- 
ficially protects the base metal. This is a special case of cathodic protection. 


BERYLLIUM 


Beryllium has corrosion properties similar to those of aluminum and magnesium. Its 
corrosion rate depends upon the history of the sample. In general, the expected corrosion 
rate in water at 300°F is approximately 0.5 to 1 mg/(cm”)(mo), i.e., 2 to 4 x 10° in./yr. 
Corrosion is more rapid at higher temperature, and at 500°F the corrosion rate increases 
to approximately 2 to 4 mg/(cm?)(mo).**-**> Best corrosion resistance is achieved in de- 
gassed or hydrogenated water. In water containing dissolved oxygen, resistance is de- 
creased. | 

The most resistant type of beryllium is the BP-QMV grade, a high-purity beryllium, 
cast by vacuum methods into billets, then pulverized and hot-pressed into blocks. This 
type of beryllium is being used in the MTR. 
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Beryllium is susceptible to galvanic attack when coupled to stainless steel AISI type 347 
or to 2S aluminum. Pitting and general integranular attack are the primary mechanisms 
of corrosion. 

Beryllium oxide, a loose white powder, is the corrosion product formed when beryllium 
corrodes appreciably. An adherent oxide coating, apparently impervious, forms on resist- 
ant metal. The presence of localized impurities in the metal increases corrosion. 

Foreign ions in the test water lead to increased corrosion. The most deleterious are 
chloride ions, copper ions, iron ions, or sulfate ions. Inhibitors, however, such as NaNO, 
(3-—4 ppm) or Na,CrO, (5 ppm), reduce corrosion. | 

Various surface treatments and fabrication methods have been investigated in an effort 
to improve corrosion resistance in 500°F water. None have resulted in any marked im- 
provement. Besides cleaning all grease and other attached impurities from the metal be- 
fore use, no special pretreatment is recommended. 


CHROMIUM 


Chromium is very corrosion resistant in a passive condition.**»*" Tests indicate that 
when properly prepared it may be used in high-resistivity water up to 650°F. In distilled 
demineralized water containing 10 ml/l of oxygen, the rate of weight change is about 
0.15 mg/(cm?) (mo) at 500°F and about 0.4 mg/(cm?)(mo) at 650°F.*° 

Chromium is used chiefly as a plating for wear surfaces. Such parts exhibit maximum 
resistance when in motion and when uSed in high-resistivity water. The use of chromium 
in low-resistivity water or water containing dissolved salts should be avoided because of 
the tendency to pit and promote galvanic corrosion. 

In the preparation of chromium-plated parts, it is extremely important to avoid pits, 
pores, cracks, or other such flaws in the plate. Flaws that allow the coolant media to 
penetrate the plate will lead to galvanic attack and increased corrosion. Chromium is 
cathodic to most other metals and tends to accelerate corrosion rate if coupled. Applica- 
tions with chromium in contact with metals of doubtful corrosion resistance should be 
avoided. Many chromium-plated parts are ground before use. The only additional surface 
cleaning suggested is degreasing. 


COBALT AND COBALT ALLOYS 


Cobalt metal has low corrosion resistance; many cobalt alloys, however, have high 


resistance.“?-@ In general, tests indicate that cobalt alloys having primary alloying con- 
stituents of 35 to 55 percent cobalt, 18 to 33 percent chromium, 5 to 16 percent tungsten, 
and small percentages of silicon, manganese, nickel, and iron,* have satisfactory corro- 
Sion resistances in water up to 650°F. Weight-change rates are lower in hydrogenated or 
thoroughly degassed water than in oxygenated water. There is a tendency for these alloys 
to lose weight rather rapidly during the first several weeks of exposure. Subsequent to the 
initial period, weight changes are small and general corrosion behavior satisfactory. 

Other cobalt alloys containing approximately the same alloying elements as those men- 
tioned above but with reduced cobalt contents of 27 to 34 percentf are less resistant. They 
do not exhibit good resistances at 500°F but may be used in water up to 250°F. 


*Trade marks for alloys tested are: 
Haynes Stellite Division: Stellite 1, Stellite 3, Stellite 4, Stellite 6, Stellite 12, Stellite 19, Stellite 
21, Stellite 26 and Haynes Alloy 25 
Vascalloy-Ramet Corporation: Vascalloy-Ramet 171 and Vascalloy-Ramet 192 
Elgin National Watch Company: Elgiloy 
{Trade marks for alloys tested are: 
Haynes Stellite Division: Stellite 98M2 and Stellite Star J 
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Cobalt alloys are generally not susceptible to serious couple effects. Couples tested up 
to 500°F without deleterious effects are listed in Table 1.11.3. 

The exact mechanism of the corrosion process is unknown, but in high-temperature 
water, initial weight-change rates of cobalt alloys are negative, indicating that there is a 
certain amount of metal dissolution before a corrosion-resistant film is formed. The 
negative corrosion rate indicates that proper precautions should be taken to minimize the 
presence of cobalt corrosion product in the coolant system. 

The surface preparation recommended for cobalt alloys is a clean machining and/or an 
HF-HNO, pickle.“? Nitrided cobalt alloys have been tested and found subject to spalling 
and couple effects; their use is not recommended for 500°F water. 


COPPER AND COPPER ALLOYS 


Copper and its alloys are not recommended for general service in water-cooled reactors 
except where absolutely necessary.“*“’ Such uses include applications where anti-fouling 
properties are necessary. Copper and copper alloys do not have exceptionally high corro- 
sion resistance, and their corrosion resistance, and their corrosion products have a 
strong tendency to deposit or “plate” out of the coolant stream in other parts of the sys- 
tem. The deposit may be copper oxide or metallic copper depending on the individual con- 
ditions. 


Several copper alloys tested at 500°F contained 9 to 11 percent aluminum, approximately 
3 to 4 percent iron, and 85 to 88 percent copper;* these alloys exhibited good corrosion 
resistance. Cupro-nickel alloys containing at least 30 percent nickel had fair resistance 
at 500°F. Their rate of weight change at this temperature is about —0.3 mg/(cm?)(mo). 
Increasing the nickel content gave added corrosion resistance. 


Copper, aluminum bronze, phosphorus bronze, silicon bronze, and two alloysf having a 
composition of 9 to 10 percent aluminum, 1 to 3 percent iron, and about 85 percent copper 
showed poor corrosion resistance in 500°F water but were satisfactory at temperatures 
up to 200°F. 

Generally speaking, copper and copper alloys have a higher resistance in hydrogenated 
or thoroughly degassed water than in oxygenated water.*® 

Alloys containing more than 50 percent copper tend to cause undesirable coupling effects 
when in contact with other metals.‘® This effect is especially bad with phosphor, silicon, 
and aluminum bronzes at elevated temperatures. Aluminum in contact with copper and its 
alloys suffers severe pitting. Caution should be exercised in the use of bronzes or brasses 
because of their susceptibility to stress corrosion. °°»®! 

Copper and its alloys can develop an adherent oxide film but tend to go directly into 
solution; their corrosion rates increase with increasing temperature. In order to prevent 
an undesirable build up of copper corrosion products in systems containing copper or 
copper alloys, counter-measures (such as the use of ion exchangers) must be taken to re- 
move them. 


GOLD AND PLATINUM AND THEIR ALLOYS 


Pure gold and platinum are metals of extremely high corrosion resistance.**-** Corro- 
sion rates for both metals are low, and they have been tested at temperatures up to 650°F 
in water with satisfactory results. Alloys of gold and platinum, high in either metal, also 
have good corrosion resistance. These, however, require individual study and no specific 
conclusions are drawn. 


*Trade marks for alloys tests are: 

Ampco Metals Corporation: Ampco 15, Ampco 18, and Ampco 23 
TTrade marks for alloys tested are: 

Ampco Metals Corporation: Ampcoloy A-3 and Ampcoloy 45 


210 


CORROSION CHAP. 1.11 


Table 1.11.3—Cobalt Alloy Couples of Satisfactory Tested Resistance* 
(Compiled from ANL and WAPD Data) 


Cobalt alloy Coupled to 


Type 304 

US Steel - Stainless W 

US Steel - Stainless W, 
nitrided 

US Steel - Stainless W, 
chrome plated 

‘Type 347 

Type 347, chrome plated 

Armco 17-4 PH 

Stellite 6 


Stellite 6, Stellite 3, 
or Haynes Alloy 
25 


Type 347, chrome plated 
Armco 17-4 PH, nitrided 
Stellite 3 

Graphitar 14 


Haynes Alloy 25 


Stellite 3 Type 304, chrome plated 


*When motion must take place for proper operation of adjacent parts, 
it is recommended that these parts be moved at least once a week in 
order to prevent crevice corrosion product build up and subsequent 
freezing. This tendency is prevalent for even the most resistant couples 


Gold and platinum and their alloys tend to accentuate couple effects of other metals. 
These noble metals owe their corrosion resistance to their chemical inactivity. They are 
at the bottom of the emf series. When coupled to more active metals they cause increased 
galvanic attack of the active metal. 

In any use, a clean surface is recommended for best service. A surface machining 
operation or a dilute nitric-hydrofluoric acid pickle is satisfactory in most cases. 


MAGNESIUM AND MAGNESIUM ALLOYS 


The corrosion rate for commercial-grade magnesium in aerated, boiling, distilled 
water is about 4 mils/mo, i.e., 18 mg/(cm*)(mo). The rate increases rapidly with tem- 
perature. Corrosion resistance of magnesium and its alloys may be improved by in- 
creasing the pH to between 9 and 11. To date,’ magnesium has not been used as a major 
constructional material or fuel-element clad because of its high corrosion rate and the 
resulting large amount of corrosion products.°"™ 

Alloy additions or impurities affect the corrosion resistance of magnesium. Impurities 
such as iron, nickel, and copper,” if present in amounts above tolerance limits, decrease 
corrosion resistance. Typical data showing the change of corrosion rate with temperature 
for a magnesium alloy containing 6.5 percent Al, 0.2 percent Mn, and 1 percent Zn are 
shown in Table 1.11.4. 

Magnesium and magnesium alloys are subject to galvanic attack when coupled to other 
metals lower in the emf series. They are anodic to most other metals and are often used 
as sacrificial anodes to prevent or reduce corrosion of other metals. Magnesium tends to 
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pit in stagnant water. The attack is fairly uniform in dynamic or freely flowing water if 
the flow rate is not excessive. At flow rates greater than 25 ft/sec, magnesium is some- 
times subject to erosion. 


NICKEL AND NICKEL ALLOYS 


Nickel and its alloys show limited corrosion resistance at 500°F®~®* and poor corrosion 
resistance above this temperature. Rates of weight change in degassed 500°F water for 
the more resistant alloys are about —0.4 mg/(cm*)(mo) or less, depending on the oxygen 
content. Nickel and nickel alloys exhibit their highest corrosion resistance in degassed 


Table 1.11.4— Aqueous Corrosion of a Magnesium Alloy 


Corrosion rate 


Temperature, °F Mils/month Mg/(cm?)(mo) 
95 0 0 
150 0.27 1.2 
180 275 2.9 
212 2.9 13 


water or in water containing only small amounts of dissolved oxygen. Nickel alloys ex- 
hibit good resistance in 500°F water containing hydrogen. The compositions of alloys that 
show the best resistance in tests at 500°F are shown in Table 1.11.5. Nickel alloys show 
better resistance at lower temperatures. Most nickel alloys containing more than 50 
weight-percent nickel have weight-change rates of less than —0.2 mg/(cm*)(mo) at 200°F 
in degassed water. 

Nickel alloys exhibit a tendency toward pitting in high-temperature oxygenated systems. 
Nickel is above copper and below iron in the emf series. Nickel alloys may increase gal- 
vanic corrosion when coupled to another metal unless used with discretion. Nicke] does 
not readily discharge hydrogen in water in the absence of oxygen or other oxidizing 
agents; it exhibits an overvoltage of about 0.5 volts. For this reason, it has fair to good 
corrosion resistance in media not containing depolarizers such as dissolved oxygen. 

There are various pickles for nickel alloys. A clean machined surface or a pickled 
surface is recommended for best service. 


SILVER AND SILVER ALLOYS 


Silver has good corrosion resistance in water up to about 250°F. In 500°F water, it cor- 
rodes at a rate of approximately 40 mg/(cm*)(mo), and its corrosion products deposit 
readily on other metallic surfaces.”-® Silver corrodes with the formation of an oxide 
film, but this film is non-protective and corrosion products tend to disperse into the cool- 
ant stream and plate out in other parts of the system. Several alloys containing cadmium, 
platinum, and gold have shown satisfactory resistance in 500°F water; these are listed in 
Table 1.11.6. Other alloys containing 60 to 70 percent silver, 30 percent cadmium, and 
from 3 to 9 percent copper have not shown satisfactory resistance in 500°F water. Silver 
and silver alloys accentuate couple effects. The same precautions suggested for the use of 
dissimilar metals in contact with gold and platinum alloys should be employed for silver 
or silver alloys. 
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Table 1.11.6— Composition of Silver-Cadmium Alloys of 
Good Resistance in 500°F Water 


(ANL-4729) 


Alloying elements, wt-% 


Alloy Ag Cd Pd Au Cu_~ §&Sn Al 
1 60 30 10 
2 50 30 20 
3 40 30 30 
4 66.5 30 3 0.5 
5 30 50 20 
6 30 60 10 


PLAIN-CARBON AND LOW-ALLOY STEELS 


Metals in this class have high corrosion rates and are not generally used in water- 
cooled reactors at any temperature."“—"® They are susceptible to severe local attack and 
pitting. Mild steel corrodes at a rate of about 20 mg/(cm’) (mo) in 140°F water containing 
an oxygen concentration of 3.9 m1/1.” 

The corrosion of steels is very sensitive to the presence of chloride ions as well as to 
pH and dissolved carbon dioxide and oxygen. The concentration of dissolved oxygen has 
been found to be critical at higher temperatures in distilled demineralized water. 

The primary corrosion process of a metal and water is thought to involve a reaction 
between the metal and the dissolved oxygen present in the water. The reaction for iron 
and oxygen takes place in a stepwise fashion: 


Fe + 440, —- FeO (2) 
3 FeO + 430. —— Fe,O, (3) 
2 Fe,0, + 40, — 3 Fe,0;5 (4) 


The oxides formed are no doubt hydrated. The degrees of hydration depend on the condi- 
tions ‘of formation and are not indicated in the above equations. Fe,O, and Fe,Q, are stable 
oxide forms of iron and are the usual corrosion products. These compounds are only 
slightly soluble in water, even at high temperatures, and may be suspended in the coolant 
as colloids or suspensions or may precipitate out as powdery deposits. FeO is not stable 
in water in the presence of dissolved oxygen, readily oxidizing to Fe,O, or Fes,Q,. 


STAINLESS STEELS 


As a class, stainless steels are corrosion-resistant and versatile structural materials 
for use in high-temperature water-cooled reactors.’"*-“ They have been classified into 
five groups for this discussion: (1) AISI 300 series -austenitic, (2) AISI 400 series 
-martensitic, (3) AISI 400 series -ferritic, (4) precipitation hardening and (5) high-alloy 
steels and heat-resistant alloys. 

Stainless steels owe their corrosion resistance to the presence of chromium and nickel 
as alloying elements. The austenitic and high-alloy steels have the highest corrosion 
resistance of the stainless steels; recent tests indicate good corrosion properties at tem- 
peratures up to 700°F in degassed water. Corrosion increases slightly in oxygenated 
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water. The corrosion rates for austenitic and high-alloy stainless steels vary from 

0.01 to 0.1 mg/(cm’)(mo) in demineralized 600°F water containing dissolved oxygen 

(about 5 ml/l). Carbide precipitation at grain boundaries, caused by welding or heat treat- 
ment, does not affect the corrosion resistance of the 300 series in water up to 500°F. The 
_ precipitation-hardening stainless steels are the next most resistant; they are slightly less 
corrosion resistant than the 300 series steels but are susceptible to stress corrosion 
cracking in high-temperature water. The martensitic and ferritic stainless steels are the 
least resistant. These steels have good resistance up to 200°F in carefully degassed water. 
With the exception of types 430, 442, 443, and 446, their general corrosion resistance is 
poor in 500° or 600°F water; they are susceptible to pitting and galvanic attack. Table 
1.11.7 presents a comparative tabulation of the corrosion resistance of stainless steels. 


300 SERIES —AUSTENITIC 


The austenitic AISI 300 series stainless steels have very high corrosion resistance in 
high-temperature water; they are characterized by a high chromium-nickel content, 
nominally 18-8, 25-12, and 25-20 (Cr-Ni) and a relatively low carbon content, 0.25 percent 
or less. The stable austenitic phase gives ductility and corrosion resistance. Types 304, 
309, 310, 316, 321, and 347 have the highest corrosion resistance™—® and are weldable 
without appreciable loss of corrosion resistance.** ™ Figures 1.11.6, 1.11.7, and 1.11.8 
show weight-change vs time data for AISI type 347 stainless steel at various gas concen- 
trations.* Types 304, 309, 310, 316, and 321 behave in a similar manner. 

In evaluating the behavior of a material, appearance as well as weight change should be 
considered. The general corrosion effect noted for these materials in high-temperature 
water is the formation or development of an adherent oxide film except in media contain- 
ing more than 50 ml of dissolved hydrogen per liter. With hydrogen addition, the specimen 
appearance remains bright during exposure, indicating little or no film formation. In 
media containing oxygen in amounts of more than 0.5 ml/liter, a thicker and darker oxide 
builds up which eventually turns black. This oxide may appear dull and have a loose, 
powdery overlay of corrosion product deposited from the system water. 

Heat treatment after welding is unnecessary except as required to improve physical 
properties. Intergranular or grain-boundary corrosion resulting from carbide precipita- 
tion in unstressed 300 series stainless steels is not experienced in high-temperature 
water. Stresses in the range of 0 to 10,000 psi does not affect their resistance in water 


400 SERIES —- MARTENSITIC 


The martensitic 400 series stainless steels contain up to 2'4 percent nickel and 12 to 
17 percent chromium. The hard martensitic phase is developed by heat treatment at 1700° 
to 1900°F. These steels are not as resistant as the 300 series steels at 500° and 600°F in 
oxygenated water. There is some evidence indicating that steels such as AISI type 410 are 
more resistant at temperatures of 650° and 680°F than at 500°F. Figures 1.11.9 and 
1.11.10 show weight-change vs time data for several of the martensitic steels. It is em- 
phasized that weight-change data alone does not allow complete evaluation of the behavior 
of a material but must be considered with the appearance. The 400 series martensitic 
steels tend to develop a thick, black oxide film and are frequently covered with heavy de- 
posits of corrosion product. 


* The degassed water prepared for these tests was boiled and passed through a deoxygenating resin. 
The resulting oxygen concentration was ahout 991 m/J/1. 
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Table 1.11.7—Corrosion Resistance of Stainless 
Steels in 500°F Distilled Water Compared to AISI Type 347 


Same typical performance* Unsatisfactory performancet 


302 

303 

304 

304L 

305 

309 

310 

316 

318 

321 

USS Stainless W 
Armco 17-4 PH 
Armco 17-7 PH 
Carpenter 20 
Durimet 20 


403 
405 
410 
414 
420 
430% 
431 
440A 
440B 
440C 
442t 
443t 
446} 
501 


*<‘Same typical performance’’ indicates the same relative 
corrosion resistance as shown by AISI type 347 
+'‘Unsatisfactory performance’’ indicates a lower general 
corrosion resistance than AISI type 347 and probable exclu- 


sion from general use in 500°F water 


tTests have indicated that these metals are the best of the 
400 series ferritic. Under some conditions they show fairly 


good resistance at 500°F 
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Fig. 1.11.6 — Weight Change of AISI Type 347 Stainless Steel in Demineralized 
Water Containing Various Gas Additions, Plotted from Babcock and Wilcox 
data, Nov. 10, 1952. Dynamic loop tests: temperature, 500°F; pressure, 2000 


psig. 
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Fig. 1.11.7—Weight Change of AISI Type TS347A Stainless Steel in De- 
mineralized Water at 500° and 600°F. Plotted from Babcock and Wilcox data, 
Nov. 10, 1952. Dynamic loop test: pressure, 2000 psig; dissolved oxygen, 30 
ml/1. 
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Fig. 1.11.8— Weight Change of AISI Type TS347A Stainless Steel in De- 
mineralized Water Containing Various Gas Additions. Plotted from Babcock 
and Wilcox data, Nov. 10, 1952. Dynamic loop test: temperature, 500°F; 
pressure, 2000 psig. 
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Fig. 1.11.9— Weight Change of AISI Type 410 Stainless Steel (Hardened) in 
Water Containing NaOH and in Distilled, Demineralized Water. Plotted from 
Babcock and Wilcox data, Nov. 10, 1952. Dynamic loop test: temperature, 
500°F; pressure, 2000 psig; dissolved oxygen, 2 ml/1. 
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Fig. 1.11.10— Weight Change of AISI Type 440C Stainless Steel (Hardened) in 
Water Containing NaOH and in Distilled Demineralized Water. Plotted from 
Babcock and Wilcox data, Nov. 10, 1952. Dynamic loop test: temperature, 500°F; 
pressure, 2000 psig; dissolved oxygen, 2 m1l/. 


400 SERIES — FERRITIC 


The ferritic 400 series stainless steels contain 18 to 30 percent chromium and no nickel; 
they are not hardenable by heat treatment or mechanical working. These steels have a 
slightly higher corrosion resistance than the martensitic type 400 series steels, but the 
corrosion resistance is not comparable to the 300 series steels. AISI types 430 and 446 
are the most resistant of the ferritic stainless steels; type 442 and 443 are slightly less 
resistant. 

AISI 400 series metals are readily susceptible to pitting and local couple effects; if used 
as working parts, they should be kept in motion for best service. 


PRECIPITATION-HARDENING STAINLESS STEELS 


The precipitation-hardening stainless steels contain small amounts of one or more al- 
loying elements such as titanium, aluminum, or copper. The most resistant alloys tested 
are of the austenitic or essentially austenitic type.* In 500°F hydrogenated water (50 ml/1 
or more of hydrogen) for periods up to 500 or 1000 hr, the weight-change rates range from 
-0.4 to -1.5 mg/(cm*)(mo); after this initial period, the rate of weight change is small. 


*Trade marks for steels tested are: 
Armco Steel Corporation; Armco 17-4 PH, Armco 17-7 PH 
United States Steel Corporation; USS Stainless W 
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Corrosion is approximately 1 to 4 times more rapid than the 300 series in 500°F degassed 
water. 

The precipitation-hardening steels hold up well as gear and bearing materials if kept in 
motion. These metals show a tendency for galvanic attack in stagnant water, especially if 
the ion-impurity concentration increases; in high-purity water, performance is more 
satisfactory. 


HIGH-ALLOY AND HEAT'-RESISTANT STEELS 


The high-alloy and heat-resistant steels contain alloying elements in amounts greater 
than normally associated with 300 series, 400 series, or precipitation-hardening stainless 
steels and possess high resistance to oxidation and thermal shock. Recent tests on two 
alloys containing approximately 29 percent nickel, 20 percent chromium, 2 percent mo- 
lybdenum, 3 percent aluminum, and the balance iron* have indicated good corrosion re- 
sistance at temperatures up to 650°F. 


FACTORS AFFECTING THE CORROSION OF STAINLESS STEELS 


Effect of Oxygen Concentration 


The corrosion rate of stainless steels in high-temperature distilled water is markedly 
dependent on the amount of dissolved oxygen present. Low rates are observed when no 
oxygen is present. Corrosion increases rapidly with increasing oxygen concentrations 
from a few tenths of a milliliter per liter to about 15 ml/l. Above this range, corrosion 
increases slowly and has a tendency to level off until oxygen concentrations of the order 
of magnitude of about 1000 ml/l are reached. At these higher. concentrations, corrosion 
decreases slightly. 

The addition of hydrogen (50 ml1/1 or more) is effective in reducing corrosion. Many 
stainless steels show no visible corrosion when tested at 500°F in water containing dis- 
solved hydrogen. It is postulated that the hydrogen effectively removes dissolved oxygen 
from the water and is a means of deoxygenating a system. In operating systems containing 
hydrogen, the most beneficial effects are obtained by introducing the desired amount of 
hydrogen at room temperature before bringing the system to operating temperature and 
pressure. The appearance of type 347 samples after test in 500°F water containing vari- 
ous gas additions is shown in Fig. 1.11.11. 

The use of hydrogen in systems previously run under oxygen should be considered with 
caution. There is some evidence that oxide scale previously formed under oxygen is 
loosened and partially dispersed into the system-water stream by dissolved hydrogen. 
The descaling is only partial, and stainless-steel surfaces are not completely deoxidized. 
The role of hydrogen in high-temperature water systems is not completely understood at 
this time; therefore, it is recommended that a complete evaluation be made before using 
hydrogen in any contemplated system. 


Surface Treatments 


The cleanliness of the stainless-steel surface is an important factor in corrosion re- 
sistance. For maximum resistance, the surface should be machined clean with a sharp 
clean tool or pickled in a nitric-hydrofluoric acid solution; oxide scale should be removed 
before pickling. A scaled surface, or one which has been rough machined, has a much 
lower resistance to corrosion. 


* Trade marks for steels tested are: 
Carpenter Steel Corporation; Carpenter 20 
Duriron Company; Durimet 20 
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Effect of Nitriding 


Stainless steels having nitrided surfaces show varying corrosion resistance. In some 
instances, a nitrided surface will show extremely high resistance; in others, pitting and 
spalling are prevalent and over-all corrosion resistance is low. Precipitation-hardening 
steels that have been nitrided show corrosion resistances slightly superior to most other 
nitrided stainless steels. Data indicate that the corrosion resistance of nitrided steels 
increases with temperature up to 500°F and varies inversely with the oxygen concentration 
at room temperature. The presence of carbon dioxide in the water accelerates corrosion. 
Increased pH or decreased resistivity increases the corrosion. Although general corro- 
sion resistance is unchanged by water velocity, localized attack and pitting apparently 
decrease with increased velocity. 

Surface treatments prior to nitriding and after nitriding are important. For best service, 
it has been found that the surface should be lapped or ground after nitriding in order to 
remove the top of the nitrided layer, sometimes known as “the white layer.” Passivating 
the nitrided surface with nitric acid or dichromate solutions was not found to improve 
corrosion resistance in 500° and 600°F water. The tendency of nitrided steels to pit, spall, 
and accentuate couple effects demands thorough test before selection as reactor materials. 


Effect of Heat Treatment 


Heat treatments, as such, do not appear to affect the corrosion resistance of the 300 
series stainless steels in high-temperature water. The 400 series and precipitation- 
hardening steels show slightly increased resistance in their hardened condition. Resist-. 
ances of the high-alloy steels vary with heat treatment, depending on composition. 


Velocity Effect 


No appreciable effect of velocity has been noted on stainless-steel corrosion. Tests 
have been made at water velocities up to 30 ft/sec at 500° and 600°F without any appreci- 
able erosion; higher velocities have not been investigated. Rates of weight change in 
Figs. 1.11.6 through 1.11.10 show that high-velocity water (30 ft/sec) has more of a tend- 
ency to remove corrosion products than low-velocity water (1 ft/sec). 


Use of Inhibitors 


Inorganic inhibitors, such as hydroxides, chromates, molybdates, tungstates, and the 
like, are effective in changing the corrosion characteristics of stainless steels. Hydrox- 
ides and ammonia or basic amine inhibitors are widely used in the boiler industry for 
corrosion control. The addition of traces of certain polyfunctional acidic substances, such 
as SiO,, V,0,;, or borates, improves the resistance of most stainless steels.' Organic 
inhibitors are probably unsatisfactory for use in high-temperature-water reactors be- 
cause of thermal and radiation instability. No experimental data are reported on specific 
beneficial effects of inhibitors in high-temperature-water stainless-steel reactor sys- 
tems. In general, the use of inhibitors offers a possibility of improving corrosion resist- 
ance; tests on the effect of various inhibitors on corrosion of the materials must be made 
in and out of reactors to establish feasibility. 


THORIUM AND THORIUM ALLOYS 


Thorium metal has inferior corrosion resistance. Rates of weight change vary from 
—1.5 to approximately 4 mg/(cm?)(mo) in distilled water at temperatures of 212° to 284°F. 
Rates of weight change increase sharply to approximately —500 mg/(cm?)(mo) at 350°F. 
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Ames* thorium shows a rate of weight change of approximately —5 mg/(cm*)(mo) at 160°F 
in simulated river water flowing at 25 ft/sec and containing H,O, (0.006N). The effect of 
aeration or hydrogenation on corrosion is nil. The low corrosion resistance prevents the 
use of unclad and unalloyed thorium in direct contact with water. Alloys of thorium con- 
taining additions of 1 to 2 percent beryllium, small amounts of silicon, or more than 5 
percent niobium or iron have increased resistance.*!” 

Thorium and thorium alloys corrode with the formation of an adherent, lustrous, pro- 
tective film or a porous coating of thorium oxide. If H,O, is present in the water, an over- 
laying white floc is formed. 

The method of surface preparation is important and may cause initial corrosion rates 
to vary as much as 300 percent. The most satisfactory surface is one which is ground and 
pickled. Anodizing thorium in a H,SO,-H,;PQ, bath produces an oxide film which is not 
protective in boiling distilled water. Thorium can be coated by dipping at 1470°F in molten 
aluminum (grade 2S). The corrosion resistance of the aluminum-coated thorium is ap- 
proximately the same as aluminum metal. 


TITANIUM 


Commercially pure titanium has good corrosion resistance up to 680°F in water and is 
one of the most resistant metals.'°5-! In 500°F water, the rate of corrosion is about twice 
as great in oxygenated as in degassed water. The average rate of weight change is about 
0.03 mg/(cm*)(mo) in 600°F air-saturated water. Titanium is resistant in 750°F, 1500 
psig steam but reacts with steam at 1500°F.'!™ 

Titanium is not ordinarily susceptible to couple effect. Exposure to high-temperature 
water builds up an oxide film of high electrical resistance; the resultant film prevents 
free flow of electrons from coupling metals and reduces the tendency of couple attack. 
Titanium, as are most metals that are easily anodically polarized, is not usually suscep- 
tible to galvanic attack or couple effects. 

Titanium should be machined clean or pickled in a hydrofluoric-nitric acid mixture. 


URANIUM 


Uranium has very low corrosion resistance in water;'!°—'2! consequently, the metal has 
been clad for reactor use. The log of the rate of atfack of unalloyed uranium varies 
linearly with the reciprocal of the temperature from 100° to 440°F in hydrogen-saturated 
water as shown in Fig. 1.11.12. The corrosion rate is approximately 1900 mg/(cm?)(mo), 
i.e., 2.7 mg/ (cm*)(hr) in boiling distilled water as shown in Fig. 1.11.12. In aerated water 
at temperatures less than 160°F, the initial corrosion rate is low and less than in the hy- 
drogenated water at the same temperature (possibly because a temporary protective oxide 


is formed in the air-saturated water). See Fig. 1.11.13. After longer exposure, this rate 
increases. 


ZIRCONIUM AND ZIRCONIUM ALLOYS 


Zirconium of proper purity has high corrosion resistance and low thermal neutron 
cross section. At 600°F in oxygenated water, unalloyed high-purity zirconium has a 
weight change of about 0.01 to 0.1 mg/(cm?*)(mo) for periods up to 6 months. Recently de- 
veloped zirconium alloys have shown good corrosion resistance at temperatures up to 
650°F in water and 750°F in superheated steam. | 

The corrosion product for resistant zirconium exposed to high-temperature water is 
black and adherent; that for non-resistant zirconium is white and powdery. On long ex- 


* Prepared by Iowa State College, Ames, Iowa. 
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Fig. 1.11.12— Corrosion Rate of Standard Uranium in Hydrogen-saturated 
Water vs the Reciprocal of the Temperature. Reprinted from ANL-4862, 
May 14, 1952. 


CHAP. 1.11 


CORROSION 


wo bsy Bw * NAIWIO3dS 3O SSOT IVLIW 


OO! 


002 


O 
O 
a) 


OOv 


“2C6L ‘FT ABW ‘Z98F- INV WoIj pojuradeoy 
‘19JVM P2INSIC peyerey Ul UNIUeI), PiepuRIs JO UOISOIIOD — E[°[[’T “S17 


shop “3WIL 


G2 
o 


Je0 0! 


OO€ 


009 


006 


00d! 


wo bs ,bw “NIWIDNIdS JO SSO IVLIW 


221 


CHAP. 1.11 WATER-COOLED SYSTEMS 


posure to high-temperature water, zirconium exhibits what is referred to as “breakaway” 
corrosion, i.e., a much increased corrosion rate after a period of relatively little corro- 
sion. The time required to reach the point of breakaway in 600°F water varies from less 
than two weeks to more than two years depending on the purity of the metal and the surface 
condition. 


UNALLOYED ZIRCONIUM 


In high-temperature water, the corrosion resistance of unalloyed zirconium depends 
mainly on impurity content. Two types of zirconium are available, sponge zirconium!”* and 
crystal-bar zirconium. 

The sponge zirconium produced until recently generally had a higher impurity content 
than crystal-bar zirconium and was not as uniformly or as highly corrosion resistant as 
crystal-bar zirconium. Corrosion tests at temperatures up to 500°F for periods up to 6 
months resulted in rate of weight changes of about 0.01 to 0.2 mg/(cm*)(mo); above this 
temperature, corrosion resistance may decrease rapidly. Sponge metal recently produced 
by the Bureau of Mines has shown a very low impurity content and high corrosion resist- 
ance. Three grades, A, B, and C, are assigned to the sponge metal based on its final 
position in the reaction vessel. The A and B grades contain iron as an impurity from the 
retort.'2* C grade is, however, contaminated with most of the calcium and magnesium 
from the reduction; these light-metal impurities are removed from C grade by distillation. 

Crystal-bar zirconium is the purest unalloyed zirconium and shows a more uniform and 
generally higher corrosion resistance than sponge zirconium. !**-!%4 Tests at temperatures 
up to 650°F show weight-change rates of 0.02 to 0.2 mg/(cm?)(mo). 


ALLOYED ZIRCONIUM 


Alloyed zirconium is not thought to have corrosion resistance superior to that of the 
pure unalloyed metal. The resistance of pure zirconium is very sensitive to traces of im- 
purities, improper handling, or fabrication techniques. Alloys have corrosion resistances 
which are not as sensitive to trace impurities as pure zirconium. Two general objectives 
in alloying zirconium with regard to its corrosion resistance are: 

(1) Decreasing the sensitivity of pure crystal-bar zirconium to trace impurities. 

(2) Improving uniformity of the corrosion resistance of sponge zirconium. 

These objectives are not intended to improve such physical characteristics as hardness, 
ductility, weldability, and the like. Some of the more promising elements used in binary 
alloys of zirconium, and the most promising composition ranges in tests are:'% 


Element Weight-percent 
Tin 1.5 to 9 
Tantalum 0.1 to 0.5 

Iron Trace to 0.25 
Nickel Trace to 3 
Niobium 0.5 to 3 
Chromium Trace to 1.0 


Other elements, when added to zirconium to form binary alloys, decrease corrosion 
resistance. Results indicate that binary alloys of zirconium containing aluminum, beryl- 
lium, carbon, magnesium, nitrogen, and tungsten have low corrosion resistance over all 
composition ranges. Tests on binary alloys of zirconium containing approximately 5 per- 
cent antimony,!#6 arsenic, bismuth, calcium, cerium, copper, germanium, gold, iron, lead, 
lanthanum, manganese, molybdenum, neodymium, praseodymium, vanadium, silver, and 
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zinc have lower resistance than unalloyed zirconium. Except. for some narrow composi- 
tion ranges, binary zirconium-titanium alloys have low corrosion resistance. Two zir- 
conium-tin alloys have been extensively tested as possible cladding materials. One is a 
binary alloy of sponge zirconium containing 2'4 percent tin.* The presence of tin has been 
thought to prevent small amounts of nitrogen (about 200 ppm) from having deleterious ef- 
fects on corrosion resistance. The other is a sponge zirconium alloy containing 1.5 per- 
cent tin, 0.1 to 0.15 percent iron, 0.1 percent chromium, 0.05 percent nickel, and less 
than 0.006 percent nitrogen.t This alloy is more resistant than the 2'/ tin alloy, and 2000- 
hr tests at 680°F have indicated a rate of weight change of 0.1 to 0.3 mg/(cm’)(mo). Tests 
have also been run at 750°F in superheated steam for 2000 hr without film breakdown. The 
750°F test is much more severe than the 680°F test. 


GENERAL COMMENTS 


The corrosion resistance of zirconium is thought to result from the formation of a thin 
protective surface film tightly adherent to the metal surface and growing in thickness as 
the metal corrodes.’*! The film, initially thin, shows interference colors from gold to 
dark blue or green and as corrosion continues grows in thickness and finally turns black. 
During the initial stages of corrosion, the thickness of the film may be approximated by 
its color. The uniformity of color indicates uniform film thickness and uniform corrosion. 
This is in contrast with aluminum which also protects itself by a thin film but suffers 
from localized attack. Zirconium is not usually attacked by pitting. 

Long exposure to high-temperature water may lead to film breakdown. At breakdown 
the lustrous adherent black film turns white, becomes flaky or powdery, and loses the 
protective ability. After film breakdown, further exposure results in accelerated corro- 
Sion. The film is non-healing and does not repair after breakdown. Initial x-ray diffraction 
Studies of the thin colored-oxide film, the thicker black oxide, and the white oxide break- 
down product showed monoclinic zirconium dioxide. Recent studies give evidence of te- 
tragonal zirconium dioxide. !”8 


SURFACE PREPARATION 


Before use, the zirconium surface should be freed from impurities. This is best ac- 
complished by a clean machining followed by a pickle in a bath containing 35 percent by 
weight nitric acid, 1 to 2 percent by weight hydrofluoric acid, and the remainder water; 
this bath removes approximately 0.3 mil/min at 85°F. Removal of approximately 1 to 2 
mils of zirconium surface is recommended. X-ray spectrometer line-broadening data 
indicate that surface working by machining operations may extend approximately 2 mils 
into the surface of the metal; corrosion resistance of a machined piece is best after this 
metal has been removed. The resistance of pure zirconium metal is affected by its sur- 
face condition to a much greater extent than that of alloys such as Zircaloy 2. 

In 500°F degassed distilled water, there is no apparent correlation between corrosion 
resistance and the following finishes (pickled after finishing): rough machining, smooth 
machining, screw threading, knurling, honing, polishing, and vapor blasting. Dry grinding, 
polishing, sand blasting or other rough finishes without a subsequent pickle produce a 
less-corrosion-resistant surface. 


EFFECT OF WATER PURITY 


Corrosion resistance has been found not to be dependent on pH in the range 5.5 to 8.5. 
Tests indicate that dissolved oxygen or hydrogen, in amounts up to 200 m1/1 has a tem- 


* Zircaloy 1, a Westinghouse Atomic Power Division designation. 
{1 Zircaloy 2, a Westinghouse Atomic Power Division designation. 
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porary effect on the corrosion resistance. From the weight-change data obtained from 
samples tested in degassed water for comparative purposes, it is evident that dissolved 
oxygen increases initial corrosion while dissolved hydrogen reduces it. After this initial 
effect, corrosion proceeds at about equal rates in degassed, oxygenated, or hydrogenated 
water. 

Additions of small amounts (less than 0.1 molar) of NaNOQ,, Na,Cr.,0O,, NaOH, KOH, or 
LiOH have not shown appreciable effects on the resistance of zirconium in 500°F degassed 
water. However, additions of NaF in amounts of 0.01M or greater cause greatly incréased 
corrosion. | 


EFFECT OF COUPLING 


No appreciable galvanic effects have been noted in tests made on coupled zirconium. The 
metal resists galvanic attack and does not accentuate this effect in other metals. As an 
anode, zirconium polarizes readily to high values; as a cathode it polarizes to the same 
approximate value as other metals. Coupling zirconium to noble metals does not appreci- 
ably affect the corrosion rate. 


EFFECT OF VELOCITY AND STRESS 


The resistance of zirconium to corrosion by 500°F water has been found not to be af- 
fected by the velocity of the water or the stress imposed. Specimens tested at water 
velocities up to 35 ft/sec under stresses of 5000 psi have shown no effects attributable to 
these conditions. 


EFFECT OF HEAT TREATMENT 


No appreciable effect has been noted. 


EFFECT OF IRRADIATION 


Data on samples of zirconium tested in high-temperature water in reactors indicate 
that for engineering purposes irradiation does not affect the corrosion resistance. Inte- 
grated thermal neutron fluxes of up to 10'° nvt have been experienced without effect; tests 
have been made on Samples in circulating water loops placed in reactors at water veloci- 
ties up to 10 ft/sec and maximum water temperatures of 540°F. 
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CHAPTER 1.12 


Calculation of Water Activity 


Marshall Grotenhuis and J. W. Butler 


In designing a water-cooled reactor, it is necessary to know the induced activity of the 
water for shielding purposes. Several reactions leading to radioactive nuclides are possi- 
ble, and others lead to stable nuclides. 

The most important reaction is the O'%(n,p)N'® reaction.! This reaction has a threshold 
energy of 9.5 mev and an effective energy of 10.3 + 0.7 mev.”** The reaction cross section, 
averaged over the fission spectrum, is 0.014 mb.”** The half-life of the product, N’®, is 
7.35 sec,‘ and B rays of 3.8 mev (~40%), 4.3 mev (~40%), 4.6 mev (~2%), and 10.5 
mev (18%), and y rays of 6.2-7.0 mev (80%)*®" are emitted. 

The reaction O'"(n,p)N* is also an important reaction.! The threshold for this reaction 
is 7.9 mev, and the effective energy is ~10 mev.® The half-life of the product, N'", is 4.14 
sec, and a 3.7-mev £ and a 1-mev neutron are emitted.”**»!" The cross section for this re- 
action is estimated to be 0.01 barns® but with an uncertainty of a factor of ten. 

The reaction O!8(n7)O” produces a radioactive product! that has a half-life of 29.4 sec." 
It emits a 2.9-mev 6 (70%), 4.5-mev 8 (30%), and a 1.6-mev y (70%)!""*. The thermal ab- 
sorption cross section for this reaction is 22 mb.'* This reaction is not nearly as impor- 
tant as the O'8(n,p)N‘® reaction in shielding work because the energy, as well as the rate of 
emission, of the gamma-ray is much lower. 

Other reactions possible in water are: H*(n,y)H’,! which has as its product a weak B- 
emitter (0.018 mev) and no y rays; O!"(n,a)C', also a weak B-emitter (0.155 mev) with no 
gamma-rays; and O'%(n,7)O!", O17(n,y)O'8, O'%(n,a)C!’, and H'(n,y)H? with stable products. 

The differential equations governing the buildup of activity in a fluid circulating in a re- 
actor are, neglecting the burnup of active nuclides: 


= Nit) o¢ (t) — AA(t) (1) 
dN 
HTT N(t) oo(t) (2) 


For many cases, the burnup of irradiated material is negligible. Under this condition, 
the differential equation governing the buildup of activity is: 


= = Nyod(t)— AA(t) (3) 


‘References appear at end of chapter. 
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Rewriting Eq. (3): 


5 Lert A(t} = No o@(t) emt (4) 


DIRECTION OF CIRCULATION 
STARTING POINT 


—l 


: 


| 
} Sw] | . 
i f= ra | ( TOTAL CYCLE 
( IRRADIATION low ! TIME ) 
TIME) i= : 
f oe 


Integrating Eq. (4) over one cycle of operation (see sketch), from: 


t = (n—1) t, tot = nt, 


yields: 
nAt = 1) A a as Nte At 
eMte A(nt,) —eM—1) At A(nt —t,) = Noo lak dt (t) e | (5) 
Let: 
P(t)=% (ntp—ty =t = nt) 
and: 
p(t) = 0 
at all other times. Then Eq. (5) becomes: 
eMte A(nt,) — etl) Me A(nt, tg) = T2228 (1 eM) ete (6) 
Defining: 
Bn = A(ntc) e™*e 
and substituting in Eq. (6): 
Bn—By_y = ~20%0 (1—e7 Mr) ete (1) 
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Summing up the recurring terms, assuming no initial activity [A(0) = 0]: 


n 
By = S02Pa (1 e“™Mr) y ete (8) 
j=l 
Noo¢ At, vt, 1—eMt 
Or 8 7 
Bn =— (l-e "*) e* Jao (9) 
—naAt 
A(nt,) = Ma2Po (y_ etry = S (10) 
Equation (10) can be simplified if the number of cycles becomes very large: 
: XN (1—e7tey 
Also, if At. (and hence At,) is a very small number: 
A(nte) ~ No@@o te (y_e-mAte) (12) 
A te 
and finally if n becomes large and tc is small: 
A(nte) = Me8Pe tr (q — a) (13) 
te 


If it is desired to include the effect of burnup of the original atoms, an extension of the 
method used in the derivation of Eq. (10) can be applied to Eqs. (1) and (2). An approximate 
form of the result is: 


N,o 08 _ z 1—eN(At.— THot;) 
A(nt,) ~ Se22e8 (l—e Mtr) e nat, er tetootr) 7 (14) 
where: 


1s 6< e%%tr 


Another treatment of this problem, including burnup, is given by Allard." 

By means of Eqs. (10) through (14), the number of active atoms per cubic centimeter of 
coolant may be calculated. It must be remembered that ¢) was assumed not to vary with 
time and also that ¢,) is assumed to be a suitable average flux value. In the case of a thres- 
hold reaction, such as O!%(n,p)N!®, the determination of ¢ 9 is more difficult and may have to 
be done in part experimentally.!>»1® 1% 

Equations (10) through (14) are also suitable for calculating radioactive atoms in coolant 
owing to irradiation of impurities in the water if N is the number of atoms of impurity per 
cubic centimeter of coolant. They can also be used for approximate calculation of activity 
owing to corrosion products in the water if it is remembered that N is then a function of 
time and that a suitable average value be substituted. For information concerning radio- 
active nuclides formed during neutron irradiation, see Volume 1, Chapter 1.2, Table 1.2.4, 
or charts.!+!8>18 
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Nomenclature and Units 


Symbol Definition Units 
A(t) Active atoms per cubic centimeter in the system at timet Atoms/cm’ 
n Number of complete cycles starting at the outlet of the ac- 
tive zone None 
N(t) Atoms per cubic centimeter of material irradiated at Atoms/cm® 
time t 
No Atoms per cubic centimeter of material irradiated at time 
t=0 Atoms/cm* 
te Total time to complete cycle Sec 
tr Time in active zone Sec 
r Disintegration constant of active nuclide Sec™! 
(t) Neutron flux Neutrons/(cm’)(sec) 
o Cross section producing active nuclide under consideration Cm 
REFERENCES 
1. Nuclear Data, NBS-499, 1950. 


- Quarterly Progress Report, CF-3490, CF-1946 (classified). 

E. Bleuler et al, B-Zerfall von N’*, Helva. Phys. Acta. 20, 1947, p 96. 

« Quarterly Progress Report, CP-3574, 1946 (classified). 

. E. Bleuler et al, y-Strahlung von N’*, Helva. Phys, Acta. 19, 1946, p 421. 

C. H. Millar et al, Gamma-rays from N’, Phys. Rev. 77, 1950, p 742. 

- G. T. Seaborg and I. Perlman, Table of Isotopes, Rev. Mod. Phys. 20, No. 4, 1948. 

Charpie et al, On the Delayed Neutron Emitter N’’, Phys, Rev. 76, 1949, p 1255. 

9. L. W. Alvarez, NI? 4 Delayed Neutron Emitter, Phys. Rev. 75, 1949, p 1127. 

10. E. Hayward, The Energy Spectrum of the Delayed Neutrons from ©", Phys, Rev. 75, 1949, p 917. 
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19. H. R. Kroeger, Thermal Neutron Cross Sections and Related Data, Nucleonics 5, No. 4, 1949. 
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CHAPTER 1.13 
Fuel-element Design* 


Reuctor performance is a function of fuel-element design. Once nuclear requirements 
are satisfied, a fuel element is designed for efficient heat removal, mechanical stability, 
stability of materials, and fabricability as required by the specific reactor design. For 
example, power- and production-reactor fuel elements are designed to provide the maxi- 
mum rate of heat removal compatible with efficient reactor operation. Low-power, re- 
search-reactor fuel elements, on the other hand, are designed to permit flexibility in 
loading, and heat removal is a less important consideration. In the first case, the trend 
in fuel-element design is toward large surface-to-volume ratios; in the latter, design is 
directed toward a unit for partial replacement or relocation of fuel elements or assem- 
blies. The importance of mechanical stability, materials stability, and fabricability have 
been shown in previous chapters. 

Fuel-element designs of water-cooled reactors which are in operation or under con- 
struction are shown in Figs. 1.13.1 through 1.13.5. The specific reactors and correspond- 
ing figure numbers of the fuel-element designs are as follows: 


Reactor Figure No. 

Production 

Hanford-type Reactor 1.13.1 

Savannah River (CP-6) 1.13.2 
Research 

Argonne Heavy-water Reactor (CP-3’) 1.13.3 

Materials Testing Reactor (MTR) 1.13.5 

Argonne Research Reactor (CP-5) 1.13.6 


*This chapter is abstracted from Fuel Elements for Nuclear Reactors by J. B. Anderson, W. H. 
Cook, R. A. Daane, and R. E. Rice, ANL-4874, Nov. 1952, 
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FUEL ELEMENT 


TYPE: Slug 


SSIES 


FUEL: Natural uranium 


CLAD: 2S aluminum 


f—- Al JACKET: 


WATER-COOLED SYSTEMS 


FUEL ASSEMBLY 


.086" COOLANT ANNULUS 


CORE CONFIGURATION: Process tubes set in graphite-block stack with 


square lattice spacing 


COOLANT: H,O 
MODERATOR: Graphite 


REACTOR APPLICATION: Plutonium production (Hanford-type reactor) 


Fig. 1.13.1— Hanford-type Reactor. 
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FUEL ELEMENT FUEL ASSEMBLY 


TYPE: Slug 


1.08°0.D. Al CAN 


I" 0.0. U-SLUG X 8" LONG 


FUEL: Natural uranium 


CLAD: 2S aluminum 


CORE CONFIGURATION: Quatrefoil process tubes placed on hexagonal lattice. 


COOLANT: D,O 
MODERATOR: D.O 


REACTOR APPLICATION: Plutonium producer —Savannah River 
(CP-6) 


Fig. 1.13.2— Savannah River Reactor (CP-6). 
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FUEL ELEMENT FUEL ASSEMBLY 


TYPE: Rod 

FUEL: 2 wt-% uranium ~ 90% U2) — 
aluminum alloy 0.850 in, diameter 

CLAD: Aluminum jacket 0,059 in, thick 


66" U-Al ALLOY 


CORE CONFIGURATION: 116 2% U-Al rods + 2 special rods containing 29 in. of 
6% U-Al alloy grouped on 5°f in. centers in 6 ft diameter x 7 ft 9 in. effective 
height 


. COOLANT: D,O 
MODERATOR: D,O 
REACTOR APPLICATION: Argonne heavy water reactor (CP-3’) 
REFERENCE: ANL-WHZ-250 


Fig. 1.13.3— Argonne Heavy-water Reactor (CP-3’). 
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FUEL ELEMENT FUEL ASSEMBLY 


TYPE: Plate 
FUEL: 10 to 20 wt-% uranium ~ 90% u?™ 2.996" 

aluminum alloy, 0.021 in. thick " i 

CLAD: Aluminum, 0,020 in, thick Coe ae 

LENGTH: Standard, 24°% in. over-all \5° 

Outside, 28°/, in. over-all + | 

Active, 23°/ in. over-all ——— 

WIDTH: 2.845 in. before curving 


\ 
| 


nein 
———— 


3"(ALL GAPS) 
064" 


BRAZED JOINTS 5.504"R. 


( 
: 


OUTSIDE FUEL PLATE 
STANDARD FUEL PLATE 


CORE CONFIGURATION: Subassemblies grouped into slab; active core approxi- 
mately 9 in. wide by 27 in. long by 23°/, in. high; beryllium reflector 


COOLANT: H,O 

MODERATOR: H,O 

REACTOR APPLICATION: Materials testing reactor (ARCO) 
REFERENCE: ORNL-963 


Fig. 1.13.4— Materials Testing Reactor (MTR). 


243 


CHAP. 1.13 WATER-COOLED SYSTEMS 


FUEL ELEMENT FUEL ASSEMBLY 


TYPE: Plate 


2.940" 


120" pig: 


.154"GAP 


a Saar, 
fe —— 
FE 
———— —— 2.414" 


FURNACE BRAZE 
FUEL: Approximately 10 to 20 wt-% enriched 


uranium (~ 90% U**5)—aluminum alloy, 
0.020 in. thick 


CLAD: 2S aluminum, 0.020 in. each side 


LENGTH: Inactive and plates (2 each), 24°, in. 
Active plates (10 each), 23° in. 


CORE CONFIGURATION: Provisions for 17 subassem- 
blies as shown; reactor start-up will be made using 
the 10 to 20% enriched uranium-aluminum subassem- 
blies; estimated 12 required; two subassemblies added 
later for burn-up compensation; three additional sub- 


assemblies available for initial loading; subsequent re- 4_F) |) 

loadings to be made with less enrichment per subassem- 

bly to utilize all locations; subassemblies contained in 

6-ft-diameter tank L) L) L) L} 
COOLANT: D,O | L} LJ 


MODERATOR: D,0O 
REACTOR APPLICATION: Argonne research reactor (CP-5) 
REFERENCE: Communication from J. M. West 


Fig. 1.13.5— Argonne Research Reactor (CP-5). 
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LIQUID-METAL-COOLED SYSTEMS 


Prepared under the direction of 
R. W. LOCKHART 
ENGINEERING AND PRODUCTION SECTION 
KNOLLS ATOMIC POWER LABORATORY 
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Authors’ Preface 


Two liquid-metal-cooled reactors have been built and operated; one other is under con- 
struction. As coolants for these reactors, mercury was chosen, because of its non-moder- 
ating nuclear properties, for the experimental Fast Reactor at Los Alamos, and sodium- 
potassium alloy ‘NaK) was chosen, because of its good elevated-temperature heat-removal 
and low-moderating nuclear properties, for the Experimental Breeder Reactor at Arco. 

Also under construction is the KAPL Submarine Intermediate Reactor (SIR) which is 
cooled by sodium; this coolant was chosen for its high-temperature heat-transfer prop- 
erties and acceptable nuclear properties. An extensive program to develop the usefulness 
of Na and NaK has been in operation for over six years at KAPL. During this development 
period, an eight-million-Btu/hr non-radioactive heat-transfer system was operated for 
tens of thousands of hours with top (simulated reactor) temperature above 850°F; some 
runs were made up to 1200°F. Many other sites particularly ANL, ORNL, and Mine Safety 
Appliance Company have contributed to the liquid-metal technology of SIR design. 

In addition to these reactors, numerous studies have been made or are in progress, and 
some preliminary design has been completed on other proposed liquid-metal-cooled re- 
actors. These studies are mainly concerned with heat-removal properties at elevated 
temperatures (power production) and acceptable nuclear properties (fast- and intermediate- 
spectrum reactors). Most of the liquid-metal work has been conducted using Na and NaK; 
a limited amount of work has been expended on Pb, Pb-Bi, and Li. 

The objectives of this section of the handbook are: 

(1) To summarize the physical properties and “know-how” of the application of liquid- 
metal coolants; (2) to discuss the advantages and problems of using liquid metals as heat- 
transfer fluids, particularly with respect to their application as reactor coolants (examples 
of some of the possible cooling cycle arrangements are presented); (3) to present a sum- 
mary of liquid-metal components and design considerations. 

The design data in this section include experimental or operating data as well as pre- 
dicted data, and reflects information available up to the end of December 1952. New and 
improved component designs are being studied, and future editions of this handbook should 
include information on such subjects as homopolar (generator-DC electromagnetic) pumps 
and electromagnetic null pressure gauges that can be used at elevated temperatures. 
Engineering units are used in all cases; where it was thought that CGS units would be 
convenient, dual units were used. 

The editor wishes to express hiS appreciation to Miss Carol J. Ranney and Mr. Sheldon 
K. Friedlander, his assistant editors, for their administration of the details of this section 
of the handbook, and to Mr. Thomas Trocki for his help in outlining this section and re- 
viewing some of the chapters. Recognition is also due to Miss B. L. Jones and Mrs. E. R. 
Supley who prepared most of the tracings, to the KAPL Engineering secretaries, and to 
the KAPL engineers, physicists, and metallurgists for the assistance rendered to the 
individual chapter authors. 

Encouragement and information from Mr. A. P. Fraas (ORNL), Mr. H. Lictenberger and 
Mr. M. Novick (ANL—EBR), and Mr. F. R. Lesch (SOO of the AEC) is acknowledged and 
gratefully appreciated. 


Robert W. Lockhart 
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CHAPTER 2.1 


Liquid-metal Coolants for Nuclear Reactors 


R. W. Lockhart 


During the past decade, great effort has been expended toward obtaining a knowledge of 
the physical properties of liquid metals and the necessary “know-how” which would permit 
their use as heat-transfer media. Reports in the classified and unclassified literature de- 
scribe criteria for choosing such a coolant, and many of the early reports of the reactor- 
design groups describe criteria for a coolant for a nuclear reactor. The study of the 
operation of a mercury heat-transfer system, such as a binary-coolant power plant, is an 
example of elevated-temperature, liquid-metal, heat-transfer system technology carried 
out prior to reactor heat-removal considerations. Liquid-metal-cooled reactors are the 
EBR, LAPR, and SIR (see Section 8 of this volume). 

A review! of completed and in-progress liquid-metal research indicates that the most 
effort has been applied to the alkali metals, particularly sodium and NaK (sodium-potas- 
Sium alloy); a limited effort, in decreasing order, has been accorded Li, Pb, Bi, Pb-Bi 
alloy, and Hg. The results of this work indicate that Na and NaK rank high in the list of 
elevated-temperature coolants. When a reactor is used for power generation, the conver- 
sion-system efficiency is a function of outlet temperature of the reactor coolant. In gen- 
eral, the choice of a coolant depends on many compromises involving the physical proper- 
ties of coolants. The choice of a nuclear reactor coolant emphasizes specifically those 
properties that (1) provide extreme reliability of the coolant system, (2) permit removal of 
heat from a concentrated heat source, and (3) affect the nuclear characteristics of the 
coolant. Some of these considerations are discussed below. 


NUCLEAR PROPERTIES 


The nuclear properties, such as moderating ratio, absorption cross section, activation 
(shielding required), and radiation stability, eliminate many coolants from further consid- 
eration. 


MODERATING RATIO 


If a thermal reactor is required, a coolant with high moderating ratio and low neutron 
absorption is necessary. Although these specifications are satisfied by light or heavy 
water, they do not exclude all liquid metals. 

For an intermediate or fast reactor for mobile power plant or power breeder application, 
low-moderating-ratio coolants can be considered. Liquid-metal coolants have been success- 


‘References appear at end of chapter. 
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fully applied in these cases (e.g., the fast reactor at Los Alamos, the EBR at Arco, and the 
SIR under construction at West Milton) and are, in fact, practically the only coolants that 
will satisfy the nuclear and heat-removal requirements for these reactors. Hydrogenous 
coolants would not be effective in such applications because of their moderating effect. The 
thermal-neutron moderating ratios of some coolants are compared in Table 2.1.1. 


Table 2.1.1—  Thermal-neutron Moderating Ratios of Some Coolants 


Coolant Average loss of energy, & Moderating ratio,* (=) E 
Be 0.21 150 
H ~l 140 
Na 0.085 0.76 
K 051 .03 
Hg Ol 0 
Li 26 0.006 
Bi .0096 4.2 
Pb .0097 0.39 


*o, = scattering cross section; o, = absorption cross section 


ABSORPTION CROSS SECTION 


Since low critical mass is one of the important reasons for choosing a thermal reactor 
and since absorption cross sections are larger for materials when lower-energy neutrons 
are involved, many coolants that are practical for fast and intermediate reactors are not 
satisfactory for thermal reactors. 


RADIATION DAMAGE 


Many non-metal coolant mixtures suffer serious radiation damage that transforms or 
disassociates the molecules under the high reactor fluxes. Liquid metals are particularly 
resistant to such damage because of their simple structure; a portion of the liquid-metal 
coolant is activated, however, and transformed into another isotope, such as Na“ to Mg”, 
but the amount transformed per life of the reactor at the present design fluxes is small. 


ACTIVATION 


When liquid metal coolants become activated they emit characteristic y and/or B rays 
that have to be attenuated by biological shielding. If neutron distribution in the reactor is 
held constant, and the amount of coolant in this region is compared with the total amount 
of coolant circulating, an estimate of the amount of shielding required for each coolant 
can be obtained. 


HEAT-REMOVAL PROPERTIES 


The heat-removal capacity of a coolant is important to a reactor since a compromise 
has to be made between the coolant flow rate, the temperature rise through the reactor, 
and the volume of the reactor that can be made available for the coolant passages. A de- 
tailed discussion of the heat-removal properties of liquid metals is presented in Chapter 
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2.2. Generally, the specific heat per unit volume for liquid metals is lower than water, but 
at comparable pressure and temperature conditions above the critical point of water (705°F), 
most liquid metals are superior to water. This means that the use of liquid-metal coolants 
will require a lower product of coolant velocity and temperature rise to remove a given 
amount of heat. 

High boiling points (or low vapor pressure) for liquid metals allow more flexibility in 
operation; for instance, in near emergency cases, the reactor coolant outlet temperature 
can be greatly increased without the possibility of a vapor burn-out. 

Just above their respective melting points, liquid metals have relatively low viscosities, 
and their hydraulic characteristics (except for density effect) are not too different from 
those of water at ambient temperatures. Experience has shown that system pressure drops 
can be predicted by applying accepted methods of correlation. 


STRUCTURES AND MATERIALS TO CONTAIN LIQUID METALS 


Because of the low vapor pressure of liquid metals, system pressures have been deter- 
mined by coolant-system pressure drops, which are usually less than 100 psi, and mini- 
mum absolute inlet pressure to the circulating pumps. Operating temperatures in excess 
of 700°F are possible with little worry about local boiling or serious changes in physical 
properties of the coolant. 

The relatively high thermal conductivity of liquid metals not only minimizes the possi- 
bility of hot spots caused by local boiling and of large temperature gradients across coolant 
ducts that might warp the structure or bind moving parts but also reduces the thermal film 
drop to a nearly negligible value. 

General statements about the thermal shock effect on structural material, corrosion, and 
purification treatment required when liquid metals are used are more difficult to make at 
this time, but such data are accumulating. These topics are treated in the following chap- 
ters of this section, but a more complete presentation of corrosion and purification is avail- 
able in the second edition of the Liquid Metals Handbook. It is stated in the literature with- 
out qualification that in a closed system liquid Na and NaK are simpler to maintain than 
water for similar duty. 


OTHER PROPERTIES 


A freezing point above ambient temperature can be both an asset for a coolant as well as 
a liability. It is sometimes desirable to let the system or portions of the system freeze so 
that components may be replaced without draining the coolant system. Conversely, it is 
normally a liability to have to maintain the complete system above the melting point of the 
coolant before the coolant can be circulated. 

The high electrical conductivity of the liquid alkali metals permits their use in com- 
pletely sealed pumps (AC or DC, electromagnetic type) and EM flowmeters. 

The availability of liquid metals is given in the Liquid Metals Handbook. Since the volume 
of a reactor coolant system is relatively small and recharging only infrequently required, 
the actual cost of the coolant is low. Sodium is reported to be the least expensive (0.16 $/Ib), 
with lead, zinc, and aluminum slightly more. Potassium is considerably more expensive 
(2.50 $ /Ib).? 


CONCLUSIONS 


Liquid-metals have the best combination and range of physical properties for application 
as fast- or intermediate-spectrum nuclear-reactor coolants. The choice of the particular 


291 


CHAP. 2.1 LIQUID-METAL-COOLED SYSTEMS 


coolant will depend on the application of the reactor. The following chapters in this section 
will discuss the properties of liquid-metal coolants, the heat-transfer correlations used 
with liquid metals, the purification, corrosion, and induced activities of some of the liquid 
metals, the reaction between alkali liquid metals and water, the various reactor-cooling 
and power-conversion cycles, -the distribution and magnitude of heat generation in liquid- 
metal-cooled reactors, and the design and construction of reactors and associated heat- 
transfer systems. 

Many of the systems and design details presented in this edition of Section 2, describe 
equipment that was tested in the project Genie liquid-metal test system that was operated 
by the KAPL. The presentation of one complete design seemed preferable to an attempt 
to generalize on the basis of two or three existing experimental designs, and, on the basis 
of this choice, much of the discussion is directed toward Na and NaK, since the most is 
known about these liquid-metal coolants. 


REFERENCES 


1. D. W. Lillie, Report No. WASH-89, April 16, 1952 (classified). 
2. Liquid Metals Handbook, 2d edition, R. N. Lyon, editor, Dep't of the Navy, U. S. Atomic Energy Commission, June 1952, p 258, 
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CHAPTER 2.2 


Properties of Liquid Metal Coolants 


R, D. Brooks 


The physical properties of various liquid metals are listed in Table 2.2.1 in English 
units and in Table 2.2.2 in metric units. The original references for most of these data 
are given in Chap. 2 of the “Liquid Metals Handbook.” Unit prices as of 1951 are also in- 
cluded in Table 2.2.1. 

Table 2.2.3 shows cross sections for the metals as they occur naturally, i.e., for the 
usual mixtures of isotopes. The macroscopic cross sections were calculated at the 
melting points. 

In Figs. 2.2.1 to 2.2.8, the density, heat capacity, viscosity, and thermal conductivity are 
plotted vs. temperature for most of the elements of Table 2.2.1. The grid for each plot is 
marked in English units, but corresponding metric values are given on the opposite side 
of every page. The curves labeled “NaK (56,44)” refer to the alloy composed of 56 wt-% 
sodium and 44 wt-% potassium; a similar notation is used for the alloy composed of 22 wt- 
% sodium and 78 wt-% potassium. 

Figures 2.2.9 to 2.2.12 show total cross sections as a function of neutron energy for 
several selected metals, namely, Na, K, Li, Pb, Bi, and Hg, which are of most interest at 
present. Similar plots for other metals can be found in Report AECU-2040. 

A Mollier chart for mercury is given in Fig. 2.2.13. The'original reference also in- 
cludes a table of the thermodynamic properties of mercury. These data were published in 
1949 and are currently being reviewed by L. F. Epstein and coworkers at Knolls Atomic 
Power Laboratory. 
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Table 2.2.1— Physical Properties of Liquid Metals (English Units) 


(Liquid Metals Handbook, edited by R. N. Lyon, Department of the Navy and U. S. Atomic Energy 
Commission, NAVEXOS P-733, 2d ed., in preparation) 


Boiling 


point 


(760 mm Hg), Density 


Antimony 91 121.76 1167 69.0 2624 690 1 1627 1184 405 
10 1891 1292 403 
100 2233 4861472 398 
200 2350 1778 393 
400 2487 
Bismuth 83 209 520 21.6 2691 368 1 1683 572 626.2 
10 1953 752 619 
100 2295 = 1112 603 
200 2417 += 1476 587 
400 2552 1764 574 
Cadmium 48 112.41 609 23.8 1409 515 1 741 626 500 
| 10 903 662 499 
100 1132 752 495 
200 1216 932 488 
400 1312 §=1112 482 
Cesium 55 132.91 83.2 6.78 1301 263 1 532 83 114.9% 
10 729 211 112.2* 
100 959 285 110.7* 
200 1058 412 108.1% 
400 1175 
Gallium 31 69.72 85.86 34.5 3601 1825 1 2399 90 380.4 
10 2727 574 368.6 
100 3139 1112 357.1 


Indium 49 114.76 313 12.26 3789 841 1 2280 327 438.6 
10 2671 381 437.1 
100 3193 442 435.4 


Lead 82 207 621 10.6 3159 369 1 1809 752 656 


400 2932 1832 612 


Lithium 3 6.94 354 284 2403 8420 1 1373 392 31.7 
10 1634 752 30.6 

100 1983 1112 29.6 

200 2113-1472 28.5 

400 2257 8§=1832 27.5 


Magnesium 12 24.32 1204 148 2017 2400 1 1150 1204 98.1 
10 1296 1252 96.8 

100 1668 1292 95.9 

200 1773 =: 11328 94.3 

400 1893 1382 91.8 
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1220- 
1832 


1202- 
1742 


95- 
392 


314 


621 
752 
932 


392 
§72 
752 


Specific heat 


0.259 


0.0656 


0.0340 
.0354 
0376 
.0397 
.0419 


0.0632 


0.060 


0.082 


0.0652 


0.039 
-037 
.037 


1.40 
1.23 
1.09 
1.00 


0.317 
321 
332 
337 
0342 


Table 2.2.1—¥(Continued) 


Viscosity 


1292 
1472 


826 
853 
1024 
1298 
1851 


362.1 
379.8 
420.8 
483.4 
545.9 


ad 


3.14 
2.69 
2.41 
2.19 


4.02 
3.10 
2.41 


5.74 
5.23 
4.45 
3.73 


1.655* 

1.150* 

0.9837 * 
-8090* 


4.583 
2.490 
2.125 
1.963 
1.579 


5.121 
4.983 
4.114 
3.265 
2.868 


1.432 
1.391 
1.308 
1.190 
1.098 


1292 
1454 


1166 


313 


Thermal 
conductivity 


Gio A Coin Ml nis) Aa 


59.8 
70.2 


12.6- 
12 


9.9 

8.95 
8.95 
8.95 
8.95 


25.6 
25.4 
25.4 
28.8 


10.6 


17- 
22 


1214 
1238 
1355 
1485 
1598 


1160 
1292 
1472 
°§62 
1652 


§72 
182 
1112 
1382 


617 
152 
932 
1112 
1292 


Electrical 
resistivity 


19.6 
20.5 
21.3 
22.4 
23.2 


117.00 
117.65 
120.31 
123.54 
131.00 


128.9 
134.2 
145.25 
153.53 


33.7 
33.7 
34.12 
34.82 
35.78 


36.6 
37.0 


25.9 
27.2 
28.4 


29.10 
30.11 
31.87 
34.84 


94.6 
98.0 
107.2 
116.4 
125.7 


45.25 


98.4 
103.2 
114.2 
127.5 
135.5. 


Volume 
change on 
fusion, % 
of solid 
volume 


—3.32 


4.74 


2.6 


2.9 


4.2 


CHAP. 2.2 


Unit price 
(Sept. 1951), 
$/\b 


0.22 


0.44 


2.29 


2.55 


4.00/gm 


2.50/gm 


32.8 


0.17 


11 


0.245 
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Table 2.2.1—~(Continued) 


Latent 
heat of 
fusion, 
Btu/lb 


Density 
Metal 


Mercury 80 200.61 —4.0 851.9 
68 845.7 
212 833.6 
392 818.8 
572 804.2 
Potassium 19 39.096 147 26.3 1400 893 1 648 212 51.1 
10 829 482 48.9 
100 1078 152 46.6 
200 1175 1022 44.4 
400 1285 1292 42.2 
Rubidium 37 85.48 102 11 1270 382 1 561 100 91.93* 
10 729 212 90.04* 
100 966 285 88.84* 
200 1056 354 87.73* 
400 1162 428 86.58* 
Sodium 11 22.997 208 48.8 1621 1810 1 824 212 57.9 
10 1018 482 55.6 
100 1285 7152 53.3 
200 1386 1022 51.0 
400 1499 1292 48.7 
Thallium 81 204.39 577 9.06 2655 342 1 1517 584 1704.8 
10 1801 620 702.6 
100 2185 626 1702.3 
200 2325 632 702.6 
400 2487 
Tin 50 118.70 449 26.1 4118 1030 1 2718 768 426.6 
10 3097 973 422.1 
100 3574 1065 420.1 
200 3745 1198 416.7 
400 3931 1299 414.5 
Zinc 30 65.38 787 44 ——- 1663 7155 1 909 787 432.0 
10 1099 1112 425.1 
100 1357 1472 410.2 
200 1450 
400 1551 
Sodium- 28.1 66.2 1517 1 720 212 55.3 
potassium alloy (calc.) 10 914 482 53.1 
56 wt-% Na, 100 1180 752 50.8 
44 wt-% K 200 1285 1022 48.6 
400 1400 1292 46.3 
Sodium- 33.9 12 1443 1 671 212 52.9 
potassium alloy (calc.) 10 856 482 50.6 
(near eutectic) 100 1117 752 48.4 
22 wt-% Na, 200 1218 1022 46.1 
718 wt-% K | 400 1330 1292 43.9 
Lead-bismuth 208 257 3038 392 653 
alloy (eutectic) (calc.) 752 636 
44.5 wt-% Pb, 1112 +619 
55.5 wt-% Bi 1472 602 
1832 584 


*E. N. da C. Andrade and E. R. Dobbs, Proc. Roy. Soc. London, A211: 12-30 (1952) 
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Table 2.2.1 — (Continued) 


Volume 


Thermal Electrical pai ‘a Unit price 
Specific heat Viscosity conductivity resistivity ore oli d (S eae 1), 
rawren [= [armen [a[ewecmen |e [ram] Time | aim 
32 0.03334 —4.0 4.48 32 4.74 122 3.6 2.56 
212 .03279 32 4.07 140 5.59 212 
392 .03245 68 3.75 248 6.31 392 
§72 03234 212 2.93 320 6.75 572 
842 03256 392 2.44 428 7.33 662 
167 0.1956 157.3 1.25 392 26.0 147 13.16 2.41 2.50 
392 1887 333 0.801 572 24.5 302 18.70 
152 1826 482 624 7152 23.1 482 25 .00 
1112 1825 152 462 932 21.7 572 28.2 
1472 1884 1292 329 1112 20.5 662 31.4 
102- 0.0913 100 1.630* 102 17 122 23.15 2.5 4.50/, gm 
258 212 1.172* 122 18 167 25.32 
284.9 1.000* 212 27.47 
354.2 0.8794" 
428.2 -7826* 
212 0.3305 218.7 1.66 212 49.71 212 9.65 2.5 0.16 
392 03200 334 1.22 392 47.10 392 13.18 
782 3055 482. 0.922 572 43.76 482 14.90 
1112 2998 152 651 752 41.15 572 16.70 
1472 3030 1292 440 932 — 38.61 662 18.44 
578- 0.0367 662 14.3 577 74.0 3.2 12.50 
932 
482 0.0580 464 4.62 464 19.4 449 47.6 2.6 1.03 
2012 0758 §72 4.04 558 19.6 752 51.4 
782 3.94 783 19.1 1112 56.8 
932 2.86 928 18.9 1472 62.7 
1112 2.54 1832 68.6 
7187 0.1199 842 1.67 932 33.4 7187 35.3 6.9 0.18 
1112 01173 932 6.73 1112 32.9 932 35.4 
1472 -1076 1112 §.42 1292 32.7 1112 35.0 
1652 1044 1292 4.55 1282 35.65 
1832 1012 1472 35.70 
212 0.269 219 1.32 212 14.9 122 33.0 2.5 2 
572 295 334 0.997 392 15.3 212 35.5 
932 249 482 765 572 15.7 302 38.0 
1112 248 152 557 152 16.0 392 41.0 
1472 2903 1292 -390 932 16.3 
32 0.238 219 1.13 212 14.1 122 37.5 2.5 2 
392 217 334 0.869 752 15.4 212 41.0 
752 210 482 675 302 44.0 
1112 209 752 496 392 47.0 
1472 213 1292 393 
291- 0.035 630 4.11 320 §.3 392 113 0.6 
676 842 3.34 392 5.6 572 118 
932 3.12 464 §.8 752 123 
1022 2.98 572 6.3 932 128 
1112 2.83 608 6.5 
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Table 2.2.2—Physical Properties of Liquid Metals (Metric Units) 


(Liquid Metals Handbook, edited by R. N. Lyon, Department of the Navy and U. S. Atomic Energy 
Commission, NAVEXOS P-733, 2d ed., in preparation) 


Boiling 
point 
(760 mm Hg), 
°C 


Vapor 
pressure 


Aluminum 2450 3050 1 1537 660 2.380 
10 1770 700 2.369 
100 2081 900 2.315 
400 2360 1100 2.261 
Antimony 630.5 38.3 1440 383 1 886 640 6.49 
10 1033 700 6.45 
100 1223 800 6.38 
200 1288 370 6.29 
400 1364 
Bismuth 271.0 12.0 1477 204.3 1 917 300 8=10.03 
10 1067 400 9.91 
100 1257 600 9.66 
200 1325 802 9.40 
400 1400 962 9.20 
Cadmium 321 13.2 765 286.4 1 394 330 8.01 
10 484 350 7.99 
100 611 400 7.93 
200 658 500 7.82 
400 711 600 7.72 
Cesium 28.5 3.766 705 146.0 1 278 28.4 1.841* 
10 387 99.6 1.797* 
100 515 140.5 1.773* 
200 570 210.9 1.732* 
400 635 
Gallium 29.92 19.16 1983 1014 1 1315 32.4 6.093 
10 1497 — 301 5.905 
100 1726 600 5.720 
200 1807 806 5.604 
400 1895 1100 5.445 
Indium 156.4 6.807 2087 468 1 1249 164 7.026 
10 1466 194 7.001 
100 1756 228 6.974 
200 1863 271 6.939 
400 1982 300 6.916 
Lead 327.4 5.89 1737 204.6 1 987 400 10.51 
10 1167 500 10.39 
100 1417 600 10.27 
200 1508 800 10.04 
400 1611 1000 9.81 
Lithium 179 158 1317 4680 1 745 200 0.507 
10 890 400 -490 
100 1084 600 474 
200 1156 800 457 
400 1236 1000 441 
Magnesium 651 82.2 1103 1337 1 621 651 1.572 
10 702 678 1.55 
100 909 700 1.536 
200 967 720 1.51 
400 1034 750 1.47 
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Table 2.2.2—(Continued) 


Thermal 


conductivity Electrical Surface 
Specific heat Viscosity Cal resistivity tension 
660- 0.259 700 3s 22.9 700 0.247 657 19.6 750 520 
1000 800 ssid. 790 .290 670 20.5 
735 21.3 
807 22.4 
870 23.2 
-650- 0.0656 702 =: 11.296 630 0.052- 627 117.00 635 383 
950 801 1.113 730 0.05 700 117.65 675 384 
900 0.994 800 120.31 725 383 
1002 .905 850 123.54 800 380 
900 131.00 
271 0.0340 304 1.662 300 0.041 300 128.9 300 376 
400 .0354 451 1.280 400 .037 400 134.2 350 373 
600 .0376 600 0.996 500 .037 600 145.25 400 370 
800 .0397 600 .037 750 153.53 450 367 
1000 .0419 700 .037 500 363 
321- 0.0632 350 2.37 355 0.106 325 33.7 330 564 
700 400 2.16 358 .105 400 33.7 370 608 
500 =«-:1.84 380 .105 500 34.12 420 598 
600 1.54 435 .119 600 34.82 450 611 
700 35.78 500 600 
28.5 0.060 28.4 0.6837* 28.5 0.044 30 36.6 
99.6  .4753* 37 37.0 
140.5  .4065* 
210.9 .3343* 
12.5- 0.082 52.9 1.894 29.92 0.07- 29.75 25.9 30- 735 
200 301 1.029 0.09 30.3 27.2 40 
402 0.8783 46.1 28.4 
500 8113 
806 .6524 
156.4 0.0652 156.4 0.09- 154.0 29.10 170- 340 
0.12 181.5 30.11 250 
222 31.87 
280.2 34.83 
327 0.039 441 2.116 330 0.039 327 94.6 350 442 
400 .037 456 2.059 400 .038 400 98.0 400 438 
500 .037 551 ~—«- 1.700 500 .037 600 107.2 450 438 
703 ~=—s- 1.349 600 .036 800 116.4 500 431 
844 1.185 700 036 1000 125.7 
200 1,40 183.4 0.5918  218- 0.09 230 45.25 
300 1.23 193.2 .5749 233 
400 1.09 216.0 .5406 
500 1.00 250.8  .4917 
285.5  .4548 
651 0.317 681 563 
727 321 894 502 
927 332 
1027 337 
1120 342 
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Table 2.2.2 —¥(Continued) 


Latent 


Boiling heat of Vance 
point, vaports ie 
(760 mm Hg), | zation, 


°C cal/gm 


Mercury 


200 290.7 200 13.115 
400 323.0 300 12.881 
Potassium 63.7 14.6 760 496 1 342 100 0.819 
10 443 250 .783 
100 581 400 147 
200 635 550 711 
400 696 700 -676 
Rubidium 39.00 6.1 688 212 1 294 38.0 1.4725* 
10 387 99.7 1.4423* 
100 519 140.5 1.4230* 
200 569 179.0 1.4053* 
400 628 220.1 1.3869* 
Sodium 97.8 27 05 883 1005 1 440 100 0.928 
10 548 250 891 
100 696 400 854 
200 752 550 817 
400 815 700 -780 
Thallium 303 5.04 1457 189.9 1 825 306.5 11.289 
10 983 326.7 11.254 
100 1196 330.0 11.250 
200 1274 333.5 11.254 
400 1364 
Tin 231.9 14.5 2270 573 1 1492 409 6.834 


Zinc 419.5 24.4 906 419.5 1 487 419.5 6.92 


200 788 
400 644 
Sodium- 19 825 1 382 100 0.886 
potassium alloy: 10 490 250 -850 
56 wt-% Na, 100 638 400 814 
44 wt-% K 200 .—ts«éG KG 550 778 
400 760 700 742 
Sodium - -11 784 1 355 100 0.847 
potassium alloy: 10 458 250 811 
(near eutectic) 100 603 400 778 
22 wt-% Na, 200 659 550 739 
78 wt-% K 400 721 700 -703 
Lead-bismuth 125 1670 200 10.46 
alloy (eutectic): 400° 10.19 
44.5 wt-% Ph, 600 9.91 
55.5 wt-% Bi 800 9.64 


1000 9.36 


*E. N. da C. Andrade and E. R. Dobbs, Proc. Roy. Soc. London, A211: 12-30 (1952) 
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Table 2.2.2— (Continued) 


Thermal 
conductivity 


Specific heat Viscosity Cal 
a 
0 0.03334 —20 1.85 0 0.0196 
100 .03279 0 1.68 60 0231 
200 03245 20 1.55 120 0261 
300 03234 100 1.21 160 .0279 
450 03256 200 1.01 220 0303 
75 0.1956 69.6 0.515 200 0.1073 
200 - 1887 167.4 331 300 1013 
400 -1826 250 258 400 -0956 
600 1825 400 191 500 -0898 
800 .1884 700 136 600 0846 
39- 0.0913 38.0 0.6734* 39 0.07 
126 99.7 .4844* 50 075 
140.5 .4133* 
179.0 -3634* 
220.1 3234* 
100 0.3305 103.7 0.686 100 0.2055 
200 ~3200 167.6 504 200 1947 
400 3055 250 381 300 1809 
600 2998 400 269 400 1701 
800 -3030 700 182 500 1596 
303- 0.0367 350 0.059 
§00 
250 0.0580 240 1.91 240 .08 
1100 0758 300 1.67 292 -081 
400 1.38 417 .079 
§00 1.18 498 078 
600 1.05 
419.5 0.1199 450 3.17 500 0.138 
600 1173 500 2.78 600 136 
800 1076 600 2.24 700 135 
900 1044 700 1.88 
1000 1012 
100 0.269 103.7 0.546 100 0.0617 
300 0295 167.5 412 200 .0633 
§00 249 250 316 300 0648 
600 248 400 230 400 0662 
800 293 700 161 500 0675 
0 0.238 103.7 0.468 100 0.0583 
200 217 167.5 399 400 0636 
400 210 250 219 
600 ~209 400 205 
800 213 700 146 
144- 0.035 332 1.7 160 0.022 
358 450 1.38 200 023 
§00 1.29 240 024 
§50 1.23 300 026 
600 1.17 320 027 


500 


Electrical 
resistivity 


[°C | wokms | sc 


98.4 
103.2 
114.2 
127.5 
135.5 


13.16 
18.70 
25.00 
28.2 
31.4 


23.15 
25.32 
27.47 


9.65 
13.18 
14.90 
16.70 
18.44 


74.0 
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Surface 


tension 


20 
112 
200 
300 
354 


100- 
150 


100 
250 


327 


—ll- 


250 


800 


465 
454 
436 
405 
394 


86 


526 
522 
518 
514 
510 


785 
778 
768 
761 


110- 
100 


120- 
110 


367 
356 
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Element 


Aluminum 
Antimony 
Bismuth 
Cadmium 
Cesium 
Gallium 
Indium 
Lead 
Lithium 
Magnesium 
Mercury 
Potassium 
Rubidium 
Sodium 
Thallium 
Tin 

Zinc 
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10% Nuclei/cc at m.p. 


0.0530 


.0321 
0290 
0429 


00831 


.0525 
0341 
.0306 
.0441 
0389 
.0409 
.0128 
.0102 
0243 
0334 
.0353 
-0638 


Thermal-pile-neutron 


cross section, barns 
(EE EES 


Absorption 


0.22 
9.3 
0.032 
3100 
29 
2.8 
190 
0.17 
67 
0.059 
360 
2.0 
0.70 
49 
3.3 
0.6 
1.0 


Total 


1.6 
9.6 


Table 2.2.3—Cross Sections of Naturally Occurring Mixtures of Isotopes 


(Neutron Cross Sections, edited by D. J. Hughes, AECU-2040, May 15, 1952, and 
‘‘GE Chart of the Nuclides’’) 


Macroscopic cross 


section at m.p., cm7! 
LN 


Absorption 


0.012 
17 


.00093 


130 

0.24 
015 

6.48 

0.0052 

2.95 

0.0023 

14.7 

0.026 
0071 
012 
ell 
02 
.06 


Total 


0.085 
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Fig. 2.2.1— Density as a Function of Temperature for Various Liquid Metals 
(Low Range). Submitted by Knolls Atomic Power Laboratory, July 14, 1952. 
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Fig, 2.2.2— Density as a Function of Temperature for Various Liquid Metals 
(High Range). Submitted by Knolls Atomic Power Laboratory, July 14, 1952. 
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Fig. 2.2.3— Specific Heat as a Function of Temperature for Various Liquid 


Metals (Low Range). Submitted by Knolls Atomic Power Laboratory, July 14, 
1952. 


265 


CHAP. 2.2 LIQUID-METAL-COOLED SYSTEMS 


gm) (°C) 


SPECIFIC HEAT, Btu/ (IDF) [or cal/ 


266 


O 
Ow Ol 
Oo on 


~ 

On 
=z 
a 
A 
On 
an 
ws 
} 


be adh bel ai »C 


ONS 


0 200 400 600 800 1000 1200 1400 i600 i800 2000 
TEMPERATURE, °F 


Fig. 2.2.4— Specific Heat as a Function of Temperature for Various Liquid 
Metals (High Range). Submitted by Knolls Atomic Power Laboratory, July 14, 
1952. 
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Fig. 2.2.5— Viscosity as a Function of Temperature for Various Liquid Metals 
(Low Range). Submitted by Knolls Atomic Power Laboratory, July 14, 1952. 


267 


CHAP. 2.2 LIQUID-METAL-COOLED SYSTEMS 


aay 7 
6) 400 


PET TATE 
ERIN 
aNeec 


vi 


0) 


~ 


oO 


= 2.0 
— 
= 
> 
a. 
> \ o 
-° = 
8 DQ - 
“n S 
> n 
> 


Oo 


<) 


| TTT oy. 
l 
Reanee 


O 600 800 1000 1200 1400 
TEMPERATURE, °F 


Fig. 2.2.6— Viscosity as a Function of Temperature for Various Liquid Metals 
(High Range). Submitted by Knolls Atomic Power Laboratory, July 14, 1952. 
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Fig. 2.2.7— Thermal Conductivity as a Function of Temperature for Various 
Liquid Metals (Low Range). Submitted by Knolls Atomic Power Laboratory, 
July 14, 1952. 
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Fig. 2.2.8— Thermal Conductivity as a Function of Temperature for Various 
Liquid Metals (High Range). Submitted by Knolls Atomic Power Laboratory, 
July 14, 1952. 
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Fig. 2.2.13— Total Heat-Entropy Diagram for Mercury. Reprinted from 
Thermodynamic Properties of Mercury Vapor, by L. A. Sheldon, Paper No. 
49-A-30, presented at 1949 ASME Annual Meeting in New York, Nov. 27 

to Dec. 2, 1949; Mech. Eng. 71: 1052 (1949). By permission from American 
Society of Mechanical Engineers. 
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CHAPTER 2.3 


Heat-transfer Correlations for Liquid Metals 


R. D. Brooks and S. K. Friedlander 


Heat-transfer correlations applicable to liquid metals are summarized in Table 2.3.1. * 
It will be noted that most of these expressions are based on theory and have not been con- 
firmed experimentally. The correlations for pipe, parallel-plate, and annular flow under 
turbulent conditions were obtained from analyses of the Martinelli type with the assump- 
tion that EH = EM; they apply far downstream from the inlet where the temperature distri- 
bution is fully developed. Similar derivations for flow in non-circular ducts have been de- 
layed because of a lack of information on velocity profiles; the correlations tabulated for 
these cases are based on slug flow. 

The equations for laminar flow were derived from the Fourier-Poisson equation assum- 
ing a parabolic velocity distribution and neglecting the variation of the fluid properties with 
temperature. For oils and other fluids of high Pr, these expressions are generally modi- 
fied empirically to correct for the variation of viscosity with temperature; this effect is 
probably of less importance in the case of liquid metals. 

Prandtl numbers for some of the liquid metals have been calculated from the data of 
Chapter 2.2. These are plotted in Fig. 2.3.1. 


TURBULENT FLOW THROUGH PIPES 


Studies of heat transfer by forced convection have been made for the flow of mercury, 
lead-bismuth, and NaK through tubes. Of the three metal systems, mercury has been most 
thoroughly investigated by several different techniques in tubes ranging from 0.05-1.5 in. 
1D. A somewhat smaller number of tests have been made with lead-bismuth, while only 
two independent studies have been reported for NaK. 

In general, the results for NaK and some of those for mercury are adequately cerrelated 
by the Lyon-Martinelli equation, which is plotted in Fig. 2.3.2 with some of the experimen- 
tal data. The results for lead-bismuth and some of those for mercury have generally fallen 
below the theoretical line, most of the points being 25 to 50 percent less than predicted. 

This deviation from theory and the variation in results observed by different investiga- 
tors is often ascribed to a “thermal contact resistance” between solid surfaces and the non- 
wetting liquid metals, mercury and lead-bismuth. There is still considerable uncertainty 
concerning the value of this resistance, and the relative contribution of the scale or oxide 
film is not clearly understood; apparently, the addition of wetting or gettering agents in- 
creases the heat-transfer coefficients of these non-wetting liquid metals. 

Several cooling runs have been made with sodium flowing down inside vertical tubes.” 


*A definition of all nomenclature as well as references on the theory of liquid-metal heat transfer 
are given at the end of this chapter. | 
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Fig. 2.3.1— Prandtl Number as a Function of Temperature for Various Liquid 
Metals. Submitted by KAPL, Aug. 15, 1952. 
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a Lyon — Martinelli Eq. 


Hg (non - wetted ) 


Ib, Pb- Bi (non- wetted) 
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Fig. 2.3.2 —— Nusselt Numbers for Turbulent Flow Inside Tubes. Reprinted 
from Liquid-Metals Handbook, Chapter 5, R. N. Lyon and H. F. Poppendiek, 
June 1952. Legend: la = Ref. (15); 1b = Ref. (15); lc = Ref. (15); 2a = Ref. (16); 
2b = Ref (16); 3 = Ref. (17); 4a = Ref. (18); 4b = Ref. (18); 5 = Ref. (19); 6 = 
Ref. (20); 7 = Ref. (21); and 8 = Ref. (22). 


HEAT-TRANSFER CORRELATIONS CHAP. 2.3 


The heat transfer coefficients at low velocities were considerably higher than those for 
similar tubes in the horizontal position. This effect is thought to result from the increased 
velocity of the cooler, heavier fluid descending near the wall, compared with that of the 
main body of the fluid. 


FLOW THROUGH HEAT-EXCHANGER SHELLS 


Calculated values from the correlation given in Table 2.3.1 are plotted in Fig. 2.3.3 
along with experimental points. This equation is based on a series of tests with a horizon- 
tal shell-and-tube heat exchanger and two horizontal shell-and-tube evaporators. In each 
case, NaK flowed parallel to the tubes through an unbaffled shell. The heat-exchanger 
tubes were *%-in. OD* and those of the evaporator 1%/,-in. OD* while the shells were about 
1 ft in diameter. 

An equation suggested by Donohue” has been used successfully by Tidball*® to correlate 
his data for small, baffled exchangers ('4-in.-OD tubes and 0.87-in.-ID shell). 


FLOW THROUGH NONCIRCULAR DUCTS 


Table 2.3.1 includes several correlations for slug flow in noncircular ducts with heat 
transferred only by conduction. In the original reference, Claiborne also gives solutions 
for ducts with elliptical and circular cross sections. He concludes that slug flow solutions 
approximate liquid metal systems with Pe s 100. 

Eckert and Low” have calculated temperature distributions in the fluid and in the walls 
of heat exchangers consisting of staggered series of rectangular or triangular passages. 
Their solutions are based on velocity profiles experimentally determined by Nikuradse and 
on the assumption of negligible eddy diffusivity of heat. 


NATURAL CONVECTION 


Figure 2.3.4 shows Eckert’s theoretical curve for natural convection from a horizontal 
cylinder; the trends shown by the experimental data of Bonilla and co-workers are also 
shown. Lead-bismuth eutectic, lead, bismuth, sodium, and NaK were studied using tubes 
ranging from '/ to 1'4 in. in diameter. Bonilla’s results suggest that at high heat flow rates 
a turbulence develops around the tube with values of Nu larger than would be predicted from 
Eckert’s theory. In tests with mercury under wetting and non-wetting conditions, no change | 
was noted in the heat-transfer coefficient. 

When a fluid having a fully developed velocity distribution enters a region the walls of 
which possess a new temperature distribution, the heat-transfer coefficient and boundary 
layer thickness adjust themselves to values characteristic of the new distribution. . The 
distance which the fluid must flow before the coefficient and boundary layer thickness are 
within 1 percent of their final values is the “thermal entry length.” Figure 2.3.5 shows 
how the average Nusselt number varies with Pe (D/x) for parabolic- and uniform-velocity 
profiles. These curves were determined from the Graetz!®!!.13.14 theory which neglects 
the variation in fluid properties with temperature. Poppendiek*"»?® has calculated point heat- 
transfer coefficients for Pe (D/x) above 1000 for turbulent flow with a velocity profile based 
on the 4 power law. Heat transfer was assumed to occur by conduction alone, although a 
method is proposed for extending the conduction solutions to cases where the eddy diffu- 
sivity is small but not negligible. 


*This includes an annulus for static liquid metal. 
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Fig. 2.3.4—— Nusselt Numbers for Natural Convection from a Horizontal 
Cylinder. Submitted by KAPL, Aug. 15, 1952. 
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Fig. 2.3.5— Nusselt Numbers for Thermal Entry Regions. Submitted by KAPL, 
Aug. 15, 1952. 
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NOMENCLATURE 


32 
Gr = Grashof number, se 
Nu = Nusselt number, hD/k 
Nug = Nusselt number based on average temperature difference, t = ty ee 
Pe = Peclet number, DVpc/k 
Pr = Prandtl number, Cyu./k 
a = Side of rectangle or triangle, ft 
b = Side of rectangle, ft 
Ar = Flow area in shell of exchanger, parallel to tube axis 
An = Area for heat transfer based on outside diameter of tubes 
B = Coefficient of volumetric expansion, 1/°F 
c = Specific heat, Btu/(1b)(F) 
d = Distance between parallel plates, ft 
D = Diameter, ft 
De = Equivalent diameter = D,-Dj; for annulus, ft 
D; = Inner diameter of annulus, ft 
D, = Outer diameter of annulus, ft 
Ex = Eddy diffusivity of heat, K/cp 
EM = Eddy diffusivity of momentum, 1/p 
g = Acceleration due to gravity, ft/sec’ 
h = Heat-transfer coefficient, Btu/(hr) (ft)?(F) 
k = Thermal conductivity, Btu/(hr) (ft) CF) 
L = Duct length, ft 
Lt = Viscosity, lb/ (hr) (ft) 
V = Velocity, ft/hr 
q = Heat flux, Btu/(ft)*(hr) 
p = Density, lb/ft® 
At = Temperature difference, °F 
tm = Mean temperature, °F 
tw = Wall temperature, °F 
twm = Mean wall temperature, °F 
t, = Initial temperature of fluid, °F 
t, = Final temperature of fluid, °F 
x = Distance from duct entrance, ft 
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CHAPTER 2.4 


Handling of Liquid-metal Coolants 


W. H. Bruggeman and H. E. Stone 


The principal handling problems encountered when liquid metals are used as reactor 
coolants are the results of corrosion, extreme chemical activity (particularly in the case 
of alkali metals), and induced radioactivity. Radioactive damage to the coolant does not 
occur since the liquid metals are monatomic. 


PURIFICATION OF ALKALI METALS AND INERT BLANKET GASES 
(W. H. Bruggeman) 


Purity requirements and purification techniques for liquid-metal reactor coolants are 
well established only for sodium and NaK. Although it is reasonable to believe that many 
of these purification techniques are applicable to lithium, purification of this coolant is 
complicated by the necessity to remove corrosive Li,;N. Purification techniques for lead, 
lead-bismuth, and gallium have not been developed sufficiently to warrant detailed discus- 
sion at this time. 

Metallic sodium is produced by the electrolytic decomposition of NaCl in the presence of 
CaCl,. The metal thus produced is filtered at the melting point to reduce the calcium con- 
tent to 0.04 percent and to remove chlorides. Although most experience has been obtained 
with DuPont sodium, check analysis of the National Distillers’ product indicates that its 
impurity content is comparable. As a commercial-grade product, metallic sodium is un- 
usually pure. 

The Mine Safety Appliances Company produces Nak by the high-temperature reaction of 
sodium with potassium chloride. The excess chloride is removed by filtration, and the re- 
sulting NaK is distilled to enrich the potassium content. As a result of the distillation step, 
NaK is generally somewhat lower in high-boiling impurities and, since it is packaged under 
inert gas, is less contaminated with oxides than sodium. 

Table 2.4.1 shows the average impurities content of DuPont sodium and the NaK charge 
of the Experimental Breeder Reactor. These analyses do not include oxygen values which 
vary as a result of contamination by atmospheric oxygen. 


THE EFFECT OF SPECIFIC IMPURITIES IN SODIUM AND NaK 


NUCLEAR POISONS 


On the basis of the average impurities content shown in Table 2.4.1 and assuming the 
total rare-earth content to be gadolinium, the impurities contribute less than vA percent to 
the thermal cross section of pure sodium. Nuclear poisons not shown in the sodium assay 
are not expected to be present in sufficient quantity to appreciably alter this figure. Be- 
cause commercially available sodium and NaK have a minimum of high-cross-section im- 
purities, removal of these impurities is not required. 
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IMPURITIES WHICH ACTIVATE 


Trace impurities in sodium, however, cause a certain amount of contaminant activity to 
build up. For example, a test sample of commercial sodium was irradiated in a neutron 
flux for 30 days. After the sodium activity had decayed to 10~ of its initial value, an im- 
purity gamma-activity appeared with a half-life of about 50 days. This relatively long- 
lived residual activity indicates that systems must be designed so that they may be com- 
pletely drained to allow accessibility for maintenance. 


Table 2.4.1— Impurities in Commercial Sodium and NaK 


Average analysis Analysis of MSA 
of core of DuPont NaK in EBR 
Impurity brick sodium, ppm primary circuit, ppm 

Al 1.7 3.0 

B 2 1 

Bi <1 

Ba | 2 2 

C 40 

Ca 350 30 

Cd <1 <1 

Cl | 190 15 

Co <1 <1 

Cr <1 <1 

Cs 2 1 

Cu <1 5 

Fe 0.5 2 

Hg 2 <2 

K 150 (77.7%) 

Li 67 235 

Mn <1 <1 

Ni <1 <i 

Pp 11 20 

Pb <1 4.8 

S 35 34 

Si 21 <1 

Total rare- <0.5 


earth elements 


HYDROGEN MODERATION 


The presence of hydrogen in the coolant of an epithermal reactor system might cause 
excess reactivity as a result of moderation. The hydrogen content of brick sodium is gen- 
erally about 0.006 weight-percent.* In addition, hydrogen (as NaH) can form in the coolant 
by contact with impurities in the inert blanket gases or (as NaOH) by contact with water. 
Little is known regarding the solubility of NaOH or NaH in sodium; however, the removal 
of hydrogen is relatively simple owing to the decomposition of NaH and NaOH at high tem- 
peratures. Excess hydrogen can be satisfactorily removed by heating the liquid to 800° — 
900°F under a vacuum or inert-gas purge. 


*Analytical procedure by Pepkowitz and Proud.! 
1 References appear at end of chapter. 
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IMPURITIES AFFECTING CORROSION 


The corrosion of structural materials by sodium and NaK is discussed later. In general, 
oxygen, carbon, and (to a lesser extent) calcium are important. 


Oxygen 


The reaction of sodium with oxygen yields the monoxide, Na,O, which is extremely cor- 
rosive when pure. For temperatures up to 1000°F, sodium containing up to 0.02 weight- 
percent O, causes negligible corrosion with stainless steels. A more serious effect, how- 
ever, is plugging of the system owing to the low solubility of Na,O in Na. 


Carbon 


Additions of carbon to sodium result in carburization of the stainless-steel surfaces, 
but little work has been done on the behavior of carbon in sodium and on possible methods 
of removal. Carburization has not been observed with filtered commercial sodium unless 
carbon compounds were specifically added or unless the sodium was in contact with both 
carbon steel and stainless steel. In view of this, sodium- and NaK-cooled stainless-steel 
reactor systems should be designed to prevent carbon or oil additions to the coolant. 


Calcium 


Nickel forms intermetallic compounds with sodium containing free calcium. This has 
not been observed when commercial sodium is used (where the bulk of the 0.04 percent Ca 
is probably oxidized to CaO) or with NaK (where the Ca content is reduced to a low value 
by distillation). The attack on nickel components would be expected, however, if calcium 
were used as a getter for Na,O. At temperatures above 1000°F, calcium-gettered sodium 
may also attack high-nickel alloys. 


PLUGGING CAUSED BY ALKALI OXIDE 


The solubility of Na,O in sodium? and NaK? is shown in Fig. 2.4.1. (In NaK, the sodium 
is preferentially oxidized, and apparently the NaK composition does not govern the solu- 
bility.) Figure 2.4.1 illustrates the relatively low solubility of oxide in alkali metal as well 
as the positive solubility coefficient and can be used to determine the amount of insoluble 
oxide in a system when the oxygen concentration, system temperature, and system volume 
are known. 

Plugging can take place wherever insoluble alkali oxide is present. The mechanism is a 
combination of diffusion of oxide to cold walls, where deposition occurs, ‘and of precipita- 
tion in the main fluid stream with subsequent crystal growth in cold restricted passages. 
The plugs are composed of a mixture of approximately 20 weight-percent Na,O and 80 
weight-percent sodium; thus, a relatively large plug can form with a small amount of in- 
soluble oxide. 

The amount of oxygen which will cause plugging in a given system depends on many 
factors. The volume of sodium or NaK in the system is important since a small percentage 
of insoluble oxide in a large sodium charge may be sufficient to plug small passages. In 
general, all cold-zone passages less than 0.5 in. in diameter should be considered as pos- 
sible regions of plugging. 

In view of the uncertainties regarding plugging, the only guarantee of protection is to 
operate with an oxide content below saturation at the lowest operating temperature. Since 
this may involve special precautions in applying the handling and purification techniques 
described herein, this criterion should be adopted only when necessary. Systems where 
some plugging is not serious do not require such stringent purity specifications. 

Certain design features will minimize plugging if the oxide concentration should unavoid- 


289 


- LIQUID-METAL-COOLED SYSTEMS 


CHAP. 2.4 


gee 
1060 


\ 
RETA 


| ttt tt AAA 
ttt tt tt INA 


) 


e 
g 


N 
(MSA d 


4 
SOO 08©=—hl« 60D—“‘é‘ OOD 


“CATE 
CEP 


© % —"LM “N3BOAXO 


300 


TEMPERATURE, °F 


Fig. 2.4.1— Oxygen Solubility in Sodium and NaK (22 : 78) as a Function of 


Temperature. Submitted by the Knolls Atomic Power Laboratory, Sept. 5, 1952. 
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ably rise above the desired limit. Included in these features are a minimum of restricted 
passages and the location of necessary restricted passages (streamlined, if possible) in 
warm zones. Cold stub ends should have a low temperature gradient per unit length and 
should be placed vertically to minimize oxide accumulation. 


PURIFICATION OF LIQUID SODIUM AND NaK 


Sodium is commercially available in 1-lb, 2'4-lb, or 12'4-lb bricks or, for very large 
quantities, cast in rail tankcars. The usual specification to which the sodium is sold is 
0.04 percent calcium and 0.005 percent Cl, maximum. Variation of other trace impurities 
from those values given in Table 2.4.1 is normally quite small. To avoid the possibility of 
carburization, brick sodium should be purchased “dry mold,” that is, without kerosene 
which is used as a mold release agent in the casting process. 


MELT STATION 


Brick sodium should be liquefied in a melt tank and pressured through a metallic filter 
element into the reactor system or the reactor system storage tank. Because of the ac- 
cumulation of oxide from the brick crust, the melt tank should be designed for convenient 
cleaning. This can be accomplished by providing a large opening in the top (to vent H, from 
the sodium-water reaction) and by designing the unit to be relatively portable. 

At KAPL, the filters used have been made of sintered stainless steel with an average 
porosity of 10 microns (similar to those supplied by the Micro-Metallic Corp.). On occa- 
sion, a 5-micron filter is used in series with the first filter, although the necessity for this 
has not been established. It should be possible to process about 500 lb of brick sodium per 
cubic foot of melt-tank volume before it is necessary to remove the excess oxide dross 
from the melt tank. The sintered metal filter tends to crack if sodium is frozen and re- 
melted in the pores. 

The throughput of the 10-micron metal filter varies as the filter cake builds up. An 
average throughput, however, at 230°F and 15-psi differential pressure is 5 lb of Na/(min) 
(ft).? This melting and filtration (several degrees above the melting point) will remove the 
bulk of the alkali oxide and any additional insoluble material. 

NaK is supplied by the Mine Safety Appliances Company in 230-lb containers. The 
specification on freezing point can be met to within 1°F. Since this material is shipped 
under inert gas, less oxide is present, and since the alloy is liquid at room temperature, 
no melting equipment is required. A sintered metal filter should be used between the ship- 
ping container and the vessel being filled. 


OXYGEN-REMOVAL EQUIPMENT 


Although the melt-station equipment can supply low-oxide sodium, periodic repurifica- 
tion of the coolant is necessary to remove oxide during system operation. Such repurifica- 
tion is required because it is impractical to remove all traces of H,O and O, from a sys- 
tem prior to filling, because atmospheric oxygen tends to enter a reactor system during 
refueling or repair, and because of trace oxygen contaminants in the inert-gas blanket. 

In addition to purifying the sodium or NaK charge, it is important that the entire system 
be thoroughly cleaned. Merely purifying the charge or introducing a fresh batch into con- 
taminated equipment does not assure adequate purity in the circulating system. The most 
satisfactory method of cleaning both the system and the liquid metal is to purify a by-pass 
flow of the coolant while the system is maintained at an elevated temperature so that the 
oxide solubility is high. This may be accomplished by use of a “cold trap,” for example, 
the Test Cold Trap (Fig. 2.4.2), which operates as follows: 

The system is heated to 600° —750°F to dissolve precipitated oxide, and a by-pass coolant 
flow of 20 gpm is removed from the system either by pump or by means of a system pres- 
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No OUTLET No INLET - 
(TUBE SIDE 700°F) economizer, . ,/(SHELL SIDE 750°F) 


DOWTHERM A INLET x DOWTHERM A 
OUTLET (TUBE SIDE 350 F) INLET 
ORFICE IN PIPE } 3 OUTLET 


(SHELL SIDE 400°F) 


STAINLESS STEEL 
WOOL PACKING 


COOLING AND 
CRYSTALLIZING~ 
TANK 


NaK THIRD FLUID 


APPROXIMATE OVERALL DIMENSIONS (UNINSULATED AND UNSHIELDED) 4 X 3 FT. DIA. 


Fig. 2.4.2— Test Cold Trap. Submitted by the Knolls Atomic Power 
Laboratory, Sept. 5, 1952. 
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sure differential. This hot sodium is cooled to 350°F in a regenerative heat exchanger by 
the effluent sodium from the cold trap; the “dirty” liquid metal from the system is passed 
through the shell side of the exchanger to prevent plugging. As a result of the rapid de- 
crease in temperature, large numbers of very small Na,O crystals are formed. 

The sodium next passes to the crystallizing tank where it is cooled to 300°F by Dowtherm 
cooling coils. This unit is primarily a low-velocity section filled with stainless-steel waol. 
Here, the crystals of sodium oxide grow and deposit on the steel wool. For residence 
times of 5 min or more, the cold trap approaches an efficiency of 100 percent; i.e., the 
discharge is saturated at the temperature of the crystallizing tank. 

The oxide capacity of the cold trap is at least 10 weight-percent Na,O based on crystal- 
lizer-tank volume. Although stainless-steel wool of 3-mils fiber-diameter packed to a 
density of 15 ib/ft® has been used successfully, knitted-type, stainless wire is recommended. 
This material, which is similar to York Company packing, is preferred, since there is less 
tendency for wire-fracture with subsequent introduction of loose ends into the system. 

An important consideration for satisfactory operation.is the location of the coldest spot 
in the crystallizing tank. Since the oxide will concentrate at this point, it should not be lo- 
cated at the tank discharge or 6imilar places where oxide deposition may result in plugging. 

Cold traps for different systems may have quite different configurations. The Test 
Cold Trap was designed for intermittent use, for compactness, and for ease of replace- 
ment when filled. Continuous units need not operate under such large temperature differ- 
ences or flow velocities and as a result may not need the economizer. If large oxide ca- 
pacities are required, the crystallizer volume must be increased. Systems which have a 
storage tank that operates at lower temperatures than the main fluid and through which a 
small by-pass is always directed have a build-in cold trap already available. If properly 
designed, this arrangement is satisfactory even without the steel-wool packing; however, 
sooner or later the problem of removing the accumulated oxide from this larger vessel 
must be faced. 


SAMPLING AND ANALYSIS OF SODIUM AND Nak 


Sampling of alkali metals to analyze for components not present in the atmosphere can 
be done with such standard apparatus as the thief tube, taking precautions to prevent burn- 
ing in air. However, sampling for determination of oxygen or other atmospheric compo- 
nents requires special techniques. A device developed at KAPL for this purpose is de- 
scribed by Bruggeman and Billuris.‘ This instrument is an inert-gas-filled steel box 
through which is passed a stream of the sodium to be sampled. The temperature of the 
sampling stream is maintained above that of the liquid metal being sampled to prevent ox- 
ide precipitation. Manipulators are attached for transferring sample cups from under the 
flowing stream into a sample carrier. | 

The oxide composition of the sample is determined by a modification of the Pepkowitz- 
Judd mercury-extraction procedure.’ The sample is extracted with mercury until no sodi- 
um is present in the amalgam discharged from the extraction chamber. The Na,O which 
remains behind is dissolved in water and titrated. 


INERT-GAS PURIFICATION 


Owing to their reactivity, all free sodium or NaK surfaces must be blanketed with inert 
gas. The gas purity required for this purpose is a function of the volume of gas in contact 
with liquid metal and the operating time between liquid metal repurifications. In general, 
however, it is desirable to use the purest gas conveniently available. Argon, nitrogen, and 
helium have been used as blanket gases. Helium is preferred in reactor systems because 
it does not become radioactive. The cost of the highest grades of these gases in standard 
230-ft® cylinders is shown in Table 2.4.2. 


293 


CHAP. 2.4 LIQUID-METAL-COOLED SYSTEMS 


These gases are generally available in either the lamp grade or high-purity grade to an 
impurity specification of less than 50 ppm (except for the nitrogen contained in argon). A 
somewhat lower cost for helium ($1.30/100 cu ft) can be realized by purchasing the gas 
directly from the Bureau of Mines in 200,000-SCF rail cars (at 220 psig). The prices do 
not include shipping or handling charges. 

Although Bureau-of-Mines helium is sold only to a method-of-manufacture specification, 
viz., double-charcoal purified, the impurity content shown in Table 2.4.3 generally can be 
expected. 


Table 2.4.2— Cost of Inert Gases 


Gas $/100 cu ft 
N, 1.01 
He 4.56 
A 11.50 


Table 2.4.3—Impurities in Bureau-of-Mines Helium 


Impurity Concentration, ppm 


co, 6 

A 0.5 
H, |} 
N, 16 
CH, 0 

O, 10-20 
H,O 5—10 


If a transfer compressor is required for handling the gas, a water-lubricated unit supple- 
mented by high-pressure drying with a suitable desiccant is recommended. 

For additional removal of oxygen or water vapor, a NaK bubbler can be used. This is a 
tower packed with stainless-steel wool and filled with NaK. The tower is electrically 
heated to 500°F to promote the reaction of oxygen and water vapor with the NaK. The bub- 
bler should be supplemented by a vapor trap. 


VAPOR TRAPS 


One of the problems associated with handling effluent gases from high-temperature, 
metal-cooled reactors is the entrainment of liquid-metal vapor. In addition to such vent 
gases carrying radioactivity to the atmosphere, sodium vapors condense and freeze, caus- 
ing plugging at various types of fittings. The liquid-metal vapor can be removed by passing 
the gas through a NaK-filled, stainless-steel wool-packed column. The column should be 
cooled to 100°F and contain at least 18 in. of packing, the bottom 6 in. of which are covered 
with NaK. The column should operate below the loading or flooding point at the rated gas 
flow. When used to remove sodium vapor, a potassium-rich NaK should be employed to re- 
tard the elevation of the melting point of the NaK as sodium is absorbed. In operation, 
these units decrease the liquid-metal content of the vent gases to that corresponding to the 
equilibrium vapor pressure at the operating temperature of the vapor trap. 
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CORROSION * 


One of the major factors limiting the development of high-temperature engineering sys- 
tems is the inability of materials to withstand attack by liquid metals. The process of at- 
tack is generally termed corrosion although the phenomenon seems to be quite different 
from that of the common electrolytic corrosion. 

Two of the most troublesome manifestations of attack by liquid metals are self-welding 
and thermal-gradient transfer. Self-welding is probably caused by diffusion across the 
contact interface with reduction of surface oxides and contact stresses contributing to the 
process. It generally increases with temperature and with the pressure under which the 
solid surfaces are held. Self-welding may be a major factor in the determination of the 
upper temperature of a liquid-metal system because of interference with the operation of 
valves, pumps, and flanged joints. 

“Thermal-gradient transfer” is the term used to describe the transport of material from 
one region of a liquid-metal system to another; it results from the co-existence of a tem- 
perature gradient and an appreciable temperature coefficient of solubility. Even though the 
actual solubility is low, large amounts of a solid component may be dissolved from the zone 
of higher solubility and precipitated in the zone of lower solubility. This continual removal 
results in corrosion in some areas and plugging in others. 

Evaluation of corrosion data is based in this discussion on the following criteria: 


Rate of attack, 


mils/yr Rating 
<1 Good 
1-10 Limited 
>10 Poor 


A summary of the resistance of materials to liquid metals is shown in Fig. 2.4.3. Four 
bar-charts (Figs. 2.4.4 through 2.4.7) are included showing the resistances of various ma- 
terials to attack by sodium and NaK, mercury, lithium and lead-bismuth. These bar charts 
represent, for the most part, only a limited number of relatively small-scale, laboratory 
tests. The data do not in themselves warrant final selection of a material for a given ap- 
plication, but they can be used to eliminate many materials from consideration. The actual 
design of liquid-metal heat-transfer systems, particularly at higher temperatures, should 
be based on an experimental study duplicating the contemplated operating conditions. 


SODIUM AND NaK 


The resistances of various materials to attack by sodium and NaK are summarized in 
Fig. 2.4.4. It should be noted that the alloys of sodium and potassium behave similarly to- 
ward container materials throughout their entire composition range. 

Recent engineering experience with sodium and NaK at high temperatures indicates that 
a large number of ordinary metals of construction can be used successfully as container 
materials. The 18-8, austenitic stainless steels are most widely used at present for NaK; 
of these, the columbium-stabilized type-347 is preferred because of its superior welding 
characteristics and greater metallurgical stability in the 1000°—1500°F range. Types 310 
and 316 have been preferred by some investigators while Inconel X and a nickel-chromium 
alloy, Nichrome V, also resist attack by sodium or NaK. High-temperature, cobalt-base 


*This discussion is abstracted from the 2nd edition of the Liquid-Metals Handbook, June 1952. 
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Porcelain and other Silicates 


Titania and Zirconia 


Alumina (dense) 
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Magnesia (crucible) 
Fused Quartz 


Graphite 


not to temperature-dependent mechanical strength or metallurgical stability. 


refer to liquid—metal resistance only— 


Resistance Ratings (These ratings 
See text for further discussion.): H— Good resistance; 


aes = unknown resistance. 


KA -Liquid freezes above this temperature, shading in triangle indicates degree of resistance to liquid at the melting point. 


COUNTS —iimited resistance, 27—poor resistance; 


CHAP. 2.4 


F— Inconel, limited, 


® —Indicates: Poor with potassium, good with sodium; t— Tungsten, good; 


Fig. 2.4.3 — Condensed Summary of Resistance of Materials to Liquid Metals at 300°C, 600°C, and 


800°C. Reprinted from Liquid-Metals Handbook, Edited by R. N. Lyon, Department of the Navy and 


U. S. Atomic Energy Commission, 2nd Ed., June 1952. 
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Ferrous Metals 


rbon Steel 
Gro ost iron 
SAE 52100 (1.45Cr, 1.0 
Sicromo 5S (5Cr, O0.5Mo, I. | 
2-9 Cr, 0.5-i Me 


18-8 Stainiess 


rriti taint 7 Cr 
rthit 
' 
nvar 5 Ni 
ica A : : 
Alnico 5 (Ni, Co, Al, Cu 


Hodfield's teel 
Nitrglloy nitrided 
80 Fe-20P Brazing Alloy 


Nickel and Nickel Alloys 


Hostelloys A, B, 


Ni-Mn, Ni-Mo, Ni- razin lloy 
Scopes and _kopest ile Alloys 


a s 
Capeai_teltctcay 
Be Copp ! 
Al Bron to BAI 
Cuero and Super Nick 0 & SONI 
Brass (40 Zn 
Nickel Silyer (i n BNI 


Befractory Metals 


Columbium 
Molybdenur 
gnitgiun 
Titanium 
Tungsten 
pnodium 
irconium 


hromium 
Other Metals 


Co and High Co Allo 
nc lyminum 

4$ and Aluminum 

-$i i i 
Beryllium 
Sb, Bi, Cd, Co, Au, Pb, Se, Ag, S, Sn 
Magnesium 
Pt and Si 


Non-Metals (Refractory behavior variable, depends 
on purity, density, environment. 


Al,Q, phire & Alundum 
very dense 
EE SS See 
Pyrex, Vycor, & Other Glc 
Darkoid 
Asbesto 
ilicone Rubbers TE EEE, 
flon YT —S&S« oT TILL LLL LLL, 
Grophite - High Densit | V/L LL Ll V LLL ll VLLL LL Ll 


or 290 490 690 8 1090 1200 14400 
—> 


GR, G00 — Consider for long-time use 
CTT, imiren — short-time use only 
VZZZZZZA__ POOR— No structural possibilities 
Cd) SCUUNKNOWN — information inadequate 


RESISTANCE RATINGS. 
(These ratings refer to liquid-metal resistance only— 
not to temperature-dependent mechanical strength or metallurgical 
stability. See text for further. discussion.) 


Fig. 2.4.4— Resistance of Materials to Liquid Sodium and Sodium—Potassium 
Alloys. Reprinted from Liquid-Metals Handbook, Edited by R. N. Lyon, Depart- 
ment of the Navy and U. S. Atomic Energy Commission, 2nd Ed., June 1952. 
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"C—> 


Ferrous Metals 300 400 500 600 700 800 900 


Pure tron 


ow—Carbon Steel MUMMY Lvevyryyvy, 
eee, Eee ea, (ere 
ow—Chromium Steel (4130 
Cees ee See (eee eee 
Ferritic-Chromium Stainless Steel ANI 
Ries aaa aes 
Austenitic Cr-Ni Stainless Steel ALMA 


Nonferrous Metals 
Al, Bi, Cd, Pb, Mg, Pt, Au, Ag, Si, Sa, 
Beryllium, Chromium, Vanadium 
Zirconium, Titanium | 
Columbium, Tantalum. Molybdenum 
Nickel_ and Nickel-base Alloys 
obalt-Base Alloys 


NLMMMLIILLLILLLAL LA ALLL ALLL 
LLLLL. 


ST oe ee 
WWKKKIKJLLIPLLLLLLL 
CU WW KKK K{[_LJL“Lt itll Lh LL 


Non-Metals 
Quartz WKLLLLtikLtithah lb lLt Lee LLL 
Bees Ge Gee es 
Glass and Silicates LLLLLLLL LLL LALLA AAA 
Graphite LLL LLL LLL LLL LLL LLL 
Rubber and Plastics VIL {LLLLLLLLLL LLL LLL LLL LLL 
MgO Ty ee ti ( eCC—isS 
500 700 900 lOO i300 1500 
°-—» 
Resistance Ratings: GR — GOOD — Consider for relatively 
long-time use 


(These ratings refer to qr - _ 
liquid—metal resistance only— LIMITED Short-time use only. 


not to temperature—dependent (77777 - poOR—No structural possibilities. 
mechanical strength or metal- 


lurgical stability. See text for [___]-UNKNOWN- Information 


further discussion.) inadequate. 


Fig. 2.4.5 — Resistance of Materials to Liquid Lithium. Reprinted from 
Liquid-Metals Handbook, Edited by R. N. Lyon, Department of the Navy and 
U. 8S. Atomic Energy Commission, 2nd Ed,, June 1952. 
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0 100)6—s 200 «©6300 «6400 —= «(500 600 700 800 
Ferrous Metals 


Ferrous Metals (Ti ond Mg in Hg) LS EES EIEN: RITES BRST ___._s— 

ow- teel ATI | ORAL IPIAE Tp 

Ow - teel + O.1 to 4GAI TIRE 

ow-C Steel + < 4Cr |e 
r Steel SZ ////444004 

ow-C Steel + O.5Mo YQ 

ow- teel + 2OMo 

Ow- teel + | to 3Si 


Low-C Steel + | to 2Ti 


Low-C Steel +< 2Al + <2Cr _ 2 ae’, 

Nitralloy (1.23 Al, '.490r) ss BL Nese Si acict lee yt os uber aa bee oii 
Low-C Steel + 5.7Cr + 1.2Cu 49 \\\\\\ii 
Low-C Steel +< 4.5Cr + < 4.5Mo | y, 386A MY 
Low-C Steel + 57Cr+!12W  —_ =. ME ORE SS ISDE ELIA 
Low-C Steel + 15 to 20Mo + 3Si 2.38 


Low-C Steel + 8Cr + O.5Al + O.3Mo 
Sicromo 5S (5Cr, O0.5Mo, |.5Si) 
Low-C Steel + 5.5Cr + 6.4Mo + 1.4Si 
Types 304 and 310 S.S. (Cr, Ni 
High Ni-Fe and Ni-Cr-Fe_ Alloy 


Ferritic tainless teel Cr 


Nonferrous Metals 


Tungsten a 
oli ia | OT % Sa ee ee eee 


——— 
Beryllium tC eS 


To,_Cb,_Si,_Ti, WY AY AV & 

Ni, Cu and Their Alloys PAA AT 
Cobalt and Stellite WW OZZZZZZZZB 
Pt, _Mn, Zr PONS 


Al, Bi, Cd, Ce, Au, Pb, Mg, Ag, Sn, zn 


Non-Metgls 
Glass 


Ceramics |. 


Graphite (C) 


200 400 600 800 1000 1200 1400 


OF cai 


Resistance Ratings. 
(These ratings refer to liquid- GE - Goop GOOD- Consider for relatively long-time use. 
metal resistance only—not to temp- LETH - LIMITED - Short-time use only. 
erature-dependent mechanical strength - POOR- No sfructural possibilities. 


or metallurgical stability. See text | |- UNKNOWN - Information inadequate. 
for further discussion.) p- Dynamic mercury harp tests and industrial boiler tests. 


DO- Dynamic mercury harp tests. 
S- Static mercury tests. 


Fig. 2.4.6— Resistance of Materials to Liquid Mercury. Reprinted from 


Liquid-Metals Handbook, Edited by R. N. Lyon, Department of the Navy and 
U. S. Atomic Energy Commission, 2nd Ed., June 1952. 
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alloys, such as Haynes Alloy 25 and Allegheny Ludlum’s V-36, have shown excellent re- 
sistance to sodium as well as good high-temperature strength. 

During the last few years, a large amount of laboratory work has been done on the ef- 
fects of temperature, impurities, thermal gradients and fluid velocity on corrosion by 
sodium and NaK. The results of these experiments are not in all cases directly comparable, 
since variables now known to be important were not always properly controlled. Some of 
the more recent data from static tests under closely controlled and comparable conditions 
are summarized in Table 2.4.4. The data in this table are largely limited to tests conducted 
at temperatures up to 932°F. Additional work has also been done on corrosion by sodium 
up to 2000°F and higher. In general, the materials which resist sodium at 1000°F also re- 
sist it at higher temperatures in static tests. 

One of the most important factors affecting corrosion is oxygen content. The presence 
of oxygen in sodium in amounts less than 0.01 percent apparently has no serious conse- 
quences in stainless-steel systems up to 1000°F. In greater percentages, the oxygen, 
probably present as dissolved Na,O, accelerates attack although it does not increase the 
solubility of the container. material in sodium. This increased rate of attack is particularly 
serious in circulating systems because of thermal transfer. Both the corrosive action and 
the oxide solubility increase with temperature. 

Many non-metallic materials have been subjected to static tests in sodium to study their 
possible use as valve seats, bearings, and insulators. Table 2.4.5 shows the results of 
selected static tests on a number of ceramic materials using aged and filtered sodium; 
Table 2.4.6 gives similar data for cemented carbides. Beryllia, zirconia, magnesia, 
alumina, molybdenum disilicide, and many cemented carbides resist sodium attack if suf- 
ficiently dense but are penetrated if porous. Temperature of test, character of ceramic 
binder, particle size, and firing temperature also affect corrosion. High-density material 
produced by hot pressing or by fusion may be susceptible to spalling rather than corrosion. 

The elements, antimony, bismuth, cadmium, calcium, copper, gold, lead, selenium, 
silicon, silver, sulfur, and tin, are unsuitable as container materials because of high solu- 
bility in sodium and potassium. Magnesium has limited resistance to NaK at very low 
temperatures. | 


RECOMMENDATIONS FOR HANDLING THE REACTION 
BETWEEN ALKALI-TYPE LIQUID METALS AND WATER* 


A study of the reaction of liquid metals with water has been carried on by the Mine 
Safety Appliances Company for approximately four years using NaK except for a few tests 
with sodium and potassium. All of the experiments have been made in closed, stainless- 
steel containers. 

The reaction of a liquid metal and superheated steam showed no hazardous results. The 
most dangerous condition found exists in that section of an exchanger or boiler where liquid 
water and liquid metal may come together. From the information obtained to date, the fol- 
lowing recommendations for handling the reaction are suggested: 

(1) The liquid metal should be under pressure to minimize agitation at the reaction zone 
caused by hydrogen bubbles formed when water contacts the liquid metal; this permits con- 
tinuous and uniform mixing of the liquid metal and water. The optimum pressure was 
found to be 200 psi or higher; however, 50 psi is deemed safe. 

(2) If the liquid metal is at 600°F or higher, the formation of intermediate reaction prod- 
ucts is greatly reduced. The accumulation of intermediate reaction products containing 
hydrogen can cause rather violent reaction in the presence of excess liquid metals. 

(3) No difficulty has yet been experienced in venting the generated hydrogen through a 
relief valve when the above values of pressure and temperature are maintained. 


*Memo by E. C. King, MSA. 
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Table 2.4.4— Resistance of Some Metals to Attack by Sodium and NaK 
in Static Corrosion Tests (KAPL) 


(Stainless-steel vessels used except where otherwise noted) 


Metal Resistance 


Aged and filtered (5-4) sodium, probably containing 0.005—0.01 % oxygen 


Aluminum, 99.99% pure 427 Poor 
Aluminum, 99.99% pure 500 Poor 
Aluminum alloy 38, 24S, 52S, 75S, 750 427 Poor 
Aluminum bronze, cast 427 Good* 
Armco iron 500 Good 
Armco 17-7 PH stainless steel 427 Good* 
Beryllium, warm-extruded rod 500 Good 
Beryllium, chromium-plated 500 Good* 
Fernico 500 Good 
Inconel X 500 Good 
Monel 500 Good 
80ONi-20Cr 500 Good* 
Nickel, ‘‘L’’ 500 Good 
Nickel. (44% Zr) 500 Good 
Nickel (4% Zr in Ni container) 500 Good 
Nitrided Nitralloy | 500 Good* 
Nitrided 347 500 Good* 
SS 303, 304ELC, 321, 347, 500 Good 


347(+Ta), 347(carburized), T347(cyanided) 
Low-to-medium chrome-steel alloys 


1Cr:0.5Mo 500 Good 
1Cr:1Mo:0.25V 500 Good 
2Cr:0.5Mo 500 Good 
2.25Cr: 1Mo 500 Good 
3Cr:1.5Si:0.5Mo 500 Good 
5Cr:0.5Mo 500 Good 
5Cr:0.5Mo: 0.5Ti 500 Good 
5Cr:1.58i: 0.5Mo 500 Good 
7Cr:0.5Si:0.5Mo 500 Good 
Carbon (0.5Mo) 500 Good 
AISI-1019 steel 500 Goodt 
Zirconium = 500 Good 
98Zr: 2Al 500 Good 
98Zr:2Fe 500 Good 
93Zr: 7Mo | 500 Good 
92Zr : 8Cr 500 . Good 
90Zr:10Ti 500 Good 
Distilled sodium 
Aluminum, high-purity 450 Good 
Aluminum, high-purity 500 Poort 
Aluminum alloy 28 450 Good 
Aluminum alloy 2S 500 Poort 
Stainless steel, 347 450 Good 
Calcium-gettered sodium, probably containing less than 0.005% oxygen 
Aluminum, 99.99% pure 427 Poor 
Aluminum alloy 3S, 24S, 52S, 75S, 750 427 Poor 
Aluminum bronze, T-224 427 Good 
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Table 2.4.4—(Continued) 


Metal Resistance 


Beryllium, extruded 500 Good* 
Beryllium, sintered 500 Good* 
Copper, OFHC (in SS container) 427 Good* 
Copper, OFHC (in Cu container) 400 Good 
Durimet 20 | 427 Good 
Inconel X 500 Good 
Mechanite 427 Decarburized* 
Monel, S 427 Good* 
Nickel, L 500 Good 
Ni-Mn, 40—60 500 Good* 
Ni-Mn, 80—20 500 Good* 
Ni Resist | 427 Decarhurized 
Nitrided 347 stainless steel 500 Good 
Tantung-Ni, 30—70 500 Good* 
Tantung A166, A171, A192, A166 Spring 500 Good* 
Titanium 500 Good* 
Vanadium 500 Good§ 
Zirconium 427 Good* 
Zirconium 500 Good 
SS, 302, 304, 310 (25 Cr-20 Ni), 316, 500 Good 
321, 347, 35-15-Ni-Cr 
SS, 416 427 Good* 
SS, 440 C 427 Good* 
52100 Steel 427 Good* 
6-6-2 high-speed tool steel 427 Good* 
18-4-1 high-speed tool steel 427 Good* 
Gettered by calcium additions to test container 
Beryllium, extruded 500 Good 
Beryllium, sintered 500 Good 
Nickel, A (2% Ca added) 500 Limited 
Nickel, A (10% Ca added) 500 Poor 
Nickel, L (0.1% Ca added) 500 Good 
Stainless steel, 347 500 Good 
Filtered (5-4) NaK (56K : 44Na) 
Aluminum, high purity 450 Good 
Aluminum alloy 28S 450 Good 
Stainless steel, 347 450 Good 


*Tested in individual stainless-steel cans 

?TDecarburized 

$F lat specimens spaced '/. in. from flat plates of stainless steel 
§Tested in individual nickel cans 
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Table 2.4.5—Resistance of Selected Ceramics to Attack by Aged and Filtered Sodium 


Ceramic 


(Mole compositions except as indicated) 


500°C (932°F) 


Resistance 


750°C (1382°F) 


Artificial periclase crystal Good Good 
BeO Good oo 
Stabilized ZrO, Limited ° 
1BeO: 1Al,0, Good sa 
1MgO : 4ZrO, Good Poor 
1MgO: 8BeO: 1Al,05 Good Limited 
160BeO : 2Al,0; : 1ThO, + 2% CaO Limited Limited 
76BeO: 4A1,0, : 20ZrO, + 2% CaO Good Good 
3MgO : 90BeO : 1ZrO, Good Limited 
Hot-pressed synthetic mica Disintegrated ies 
TiN Spalled re 
TiC, Disintegrated cee 
CaZrO; Poor coe 
Cio Disintegrated te 
ZnO 

TiC Cracked eee 
Be,C (swelled due to hydration after test) Limited oe 
MOSi, Disintegrated cee 
B,C, TaC, TiC, VC, ZrC Good 

Silicon carbide crystals, SiC Good ae 
Mixed carbides, B,C and SiC Limited oe 
Carbon-titanium mixed borides Good ose 
Zirconium boride, ZrB, Limited 

Calcium boride, CaB, Poor ° 
Zirconium nitride, ZrN Good 

Beryllium nitride, Be,N, Limited 

Titanium nitride, TiN Poor sade 
Beryllium oxide, BeO Good 

Chrysoberyl, BeO-Al,O, Good ° 
Spinel (hot pressed), MgO-Al,O Limited ° 
Zirconium stab. with CaO Limited coe 


(4) It is recommended that all hydrogen relief be made from the water or steam side of 
the system if possible (see item 5). Very high temperatures have been experienced when 
water is forced for any length of time into areas of excess liquid metal. 

(5) To adopt recommendation (4), liquid-metal systems must be designed to withstand 
full steam pressure until either the reaction area can be isolated from the rest of the sys- 
tem by quick-closing valves or all the water can be removed from the reaction. 

(6) A dump valve or similar device should be included in the system to dump the water 
from the lowest point of the boiler or exchanger. This valve could be actuated by a sudden 
increase in pressure in the liquid-metal system. 


INDUCED ACTIVITY 
(H. E. Stone) 


When the coolant passes through the core, reflector, and thermal blanket of a reactor, it 
is exposed to a neutron flux which may reach a value of 10'*/(cm?)(sec). As long as the 
coolant is in the flux, there is a continuous birth of radioactive atoms and also a continuous 
decay. After the fluid leaves the reactor, the activation stops although the decay continues. 
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Table 2.4.6 — Resistance of Cemented Carbides to Attack by Aged and Filtered Sodium 


Nominal composition, % 


30Ni : 8SCbTiTaC, : 62TiC 
20Ni : 15CbTiTaC; : 55TiC 
Z20Ni : 8CbTiTaC; : 72TiC 
20Co: 80TiC 

20Co : 15CbTiTaC, : 65TiC 
5Co : 15CbTiTaC;, : 80TiIC 
100TiC 

Co Bonded WC 

20Fe : 80TiC 

10Co : 8CbTiTaC; : 82TiC 
30Ni : 7OTIC 

20Ni : 80TiC 

20Ni : 1SCbTiTaC; : 55TiC 


Resistance 
900°C 750°C * 

(932°F) (1382°F) 
Good Limited 
Poor ees 
Good Good 
Good ae 
Good ae 
Limited re 
Good Good 
Good Good 
Good Limited 
Good Limited 
Good ° 
Good eee 


*The initial weights for the specimens which were rerun in sodium at 750°C were 
taken as their final weight after the 500°C run. This may have introduced some error. 


Table 2.4.7 — Induced Activities from Some Coolant Metals 


Thermal Radioactive 


Natural cross product of Energy of Number 7's 
element, section, (n,7) Y radiation, per neutron 
Isotope % barns reaction Half-life mev capture 
Na’ 100 0.48 1.Na™ 14.9 hr 2.76, 1.38 1 each 
gk"! 6.8 1 Kk" 12.4 hr 1.51 0.25 
96% 4% 
spHg'** 0.155 2900 oo Hg'** 23 hr 0.18, 0.16, 0.27 1 each 
64 hr 0.08 1 each 
oo Hg'* 10.1 20 eo He! * 44 min 0.37 1 
soHg™? 29.6 2.4 spHe** 51 days 0.28 1 
sLi? 92.6 0.033 sLi® 0.88 sec 13.4-mev f£ and 


Bremsstrahlung 


j 


This decay or induced activity poses a shielding problem for the external heat-transfer 
system; it is most serious for high-energy gamma radiation or Bremsstrahlung. Table 
2.4.7 shows the gamma- or X-radiation to be expected from some activated coolant metals. 
General expressions can be derived for the specific activity of a fluid circulating through 
a neutron flux. These equations can be simplified under equilibrium conditions, i.e., when 
the number of atoms being activated is equal to the number of decaying atoms: 
In all cases: 


A(t) = A(t’) e- A(t — ©”) (1) 
A = wo [1 — e“A(T — t”)] (2) 
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For cyclical irradiation: 


General Expressions 
After k cycles: 


NF o (1 _e-(Fo + A) t’) (1 a ek @ 1)(Fot’ + AT) 


sua OE" 1 —e-(Fot? +27) " 


At equilibrium: . 


» (ANF o\ {1-—e-(Fot A)? 
alt = (Be) (pera sa) ' 
Fo<<v’v 


After k cycles: 


(1 —e-At”) 1 —e-tk+ 1) AT 


A, (t’) = NF o (5) 


1 —e-AT 
At equilibrium: 
1 — e~At’ 
1" = 
A(t’) = NF o ae (6) 
Fo <<A anda T<<1 
After k cycles: 
t’ 
A,(t’) = NF Om [1 — e-(k + 1)AT] (7) 
At equilibrium: 
| 7 
A,(t) = NF o-— (8) 


T 


From these equations it can be seen that the activity of a coolant depends on the follow- 
ing variables: 

(1) Macroscopic capture cross-section (nuclei/cc x cross section in cm’), the probability 
of a neutron capture in the element —this is energy dependent. 

(2) Neutron flux and spectrum, as this affects the capture cross section. 

(3) Half-life of the radioactive isotope —the longer the half-life, the longer it takes to 
arrive at the equilibrium condition. A longer half-life also indicates a slower decay of the 
radioactive isotope. 

(4) Circulation time of the coolant. 

(5) Fraction of circulation time spent in the neutron flux. 

In order to compare fluids from an activation point of view, all of the above parameters 
should be varied. For sodium and potassium, however, one can assume that the neutron 
flux, neutron spectrum, circulation time of coolant, and fraction of time spent in the radi- 
ation zone are equal. 

From the values in Table 2.4.7, the ratio of the specific activity of sodium to that of 
potassium is found to be 12.6. A better indication of shielding requirements can be ob- 
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tained from the “dose” rate or energy flux as approximated by a semi-infinite sea of cool- 
ant: 


Dp =—— | : | (9) 
Thus: 


2.76 x 30.9 1.38x21.4] 
Dna = ANa ees + ee tts) = 28.8 An, 


1.51 22.4 An 
De= Ax (2 x 22-4) _ 2.11 Ax = AG x 2.11 = 0.168 Ana 
and: 
Dna _ 28.8 _ 
Dx ~ 0.168 — a 
NOMENCLATURE 


A = Specific activity; disintegrations/(sec)(cm? of fluid) 
A(t’) = Value of A at the outlet from the neutron flux 
A(t) = Value of A as a function of time outside the neutron flux 

A = Average value of A outside the neutron flux 

F = Neutron flux in energy range under consideration; neutrons/(cm’)(sec) 

k = Number of circulation cycles undergone by the cm’ of coolant under consideration. 

n = Number of activated nuclei under study per cm® of fluid. 

N = Total number of nuclei under study per cm* of fluid. 

- t = Time measured from the instant the cm’ of fluid under consideration enters the 
neutron flux; t starts at zero again whenever the cm’ of fluid re-enters the flux. 

t’ = Time of exposure of each nucleus in neutron flux; sec. 

T = Period of complete circulation cycle, i.e., time between two successive entrances 
of a particular nucleus into the neutron flux, assuming that all of the nuclei circu- 
late at the same rate; sec. | 

X = Disintegration constant of activated nuclei (A = 1 mean life = 0.693 /half-life); sec™' 

o = Capture cross section of nuclei under consideration in energy range considered 
(where o is assumed constant); cm? 

D = Dose rate; mev/(cm*)(sec) 

E = Energy of gamma ray; mev 

1 = Mean free path of gamma ray; cm 
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CHAPTER 2.5 


Reactor Cooling and Power Conversion Cycles 


T. Trocki and R. W. Lockhart 


The operating conditions of a nuclear power-conversion system are a compromise be- 
tween the requirements of the application and the limitation of the nuclear reactor. The ap- 
plication requirements vary according to whetner the power plant is mobile or stationary 
or whether power or fuel production is the prime objective. The limitations of the nuclear 
reactor are similar to those of other heat sources except that they are more stringent be- 
cause of the nuclear properties of the constituents, the difficulty of repairing or inspecting 
fixed reactor components because of radioactivity, or self-destruction (over-temperature) 
of the reactor core if the coolant is lost. Since liquid-metal cooling is more advantageous 
at higher temperatures, it has been studied mainly with respect to power production or for 
application to dual purpose reactors. However, the fact that liquid metals possess nuclear 
properties which might make them attractive for cooling a fast-spectrum fuel-production 
reactor near ambient temperatures should not be overlooked. 


Since a reactor coolant not only becomes radioactive but for some applications is also 
not chemically compatible with the water-steam power-conversion cycle, intermediate heat- 
transfer cycles, usually utilizing liquid metals, are used to isolate physically and/or nu- 
clearly the reactor and the power-conversion cycles. Liquid metals posses physical prop- 
erties which allow high rates of heat transfer and therefore small heat-transfer equipment. 


From a heat-transfer and power-production standpoint, the temperature rise of the re- 
actor coolant is a design feature. To remove the same amount of heat from a given reac- 
tor, water usually requires the lowest temperature rise; liquid metals, because of their 
relatively lower specific heat, usually require a temperature rise several times as large, 
and gases require an even larger temperature rise. The design temperature rise results 
from a compromise among the following factors: 


(1) Percentage of coolant in reactor core. 
(2) Reasonable pressure drop and pumping power. 


(3) Allowable upper and lower coolant operating temperatures, or allowable temperature 
difference (as for thermal shock). 


The maximum operating temperature for liquid metals is limited either by the corrosion 
or strength of the structural materials. The lowest allowable operating temperature or the 
maximum temperature difference can be set by one of the following factors: 


(1) Solidification or separation point of the coolant. 


(2) Corrosion by mass transfer between hot and cold portions of the cycle. 
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(3) Precipitation of impurities in the cold portion (such as sodium oxide from sodium at 
low temperature). 


(4) Maximum allowable thermal shock upon reactor scram. 


BASIC CYCLE EQUATIONS 


Present applications of liquid-metal heat-transfer systems have been designed to deliver 
the heat to steam power-conversion systems. The following basic equations apply. The re- 
actor heat output: 


Q = WCp(tout —tin) 

or in heat exchanger terms: 
Q= Qie=QstQEt+Qp 
Or: 

Q = (UA)HE AtimHE 


or: 
Q = (UA)s Atimg t+ (UA)e Stime + (UA) Pp Atimr 


Applications of these relationships are illustrated graphically in Figs. 2.5.1 through 2.5.4 
and will be described in the following text. The first equation is basic for any single-phase 
coolant and indicates the relationship of the term that it contains. The remaining equations 
indicate the heat-exchanger relationships. 

Figure 2.9.1 is an example of the effect of reactor outlet temperature and reactor cool- 
ant temperature rise on the required total steam-generator area. It is evident that 
smaller heat-transfer areas are required at higher reactor outlet temperatures and lower 
reactor coolant temperature rise. The steam-drum pressure was held constant for this 
comparison; the corresponding cycle diagram appears in Fig. 2.5.2. Similar curves can 
be calculated for any steam generator using the fourth equation. This curve can be used 
for an intermediate heat-exchanger system if the specifications indicated on the curve are 
maintained when the reactor symbols are replaced by intermediate fluid. 

The following description of typical cycles illustrates some of the possible compromises 
that have been made to remove heat and generate power from a nuclear reactor. 


TYPICAL CYCLES 


The simplest reactor cooling cycle consists of a single fluid system which heats the 
fluid passing through the reactor and delivers its energy directly to a heat sink or power- 
conversion unit. Many of the existing non-power-production and experimental reactors are 
of this type (e.g., the Fast Experimental Reactor at Los Alamos which uses liquid- metal 
mercury cooling). 

Water- and liquid-metal-cooled power reactors that are under construction may have 
two cycles between the reactor and the power-conversion unit. This added system isolates 
the radioactivity of the reactor coolant from the power-conversion cycle and allows dif- 
ferent coolants or different purities of coolant to be used in each cycle. Fig. 2.5.2 shows 
the liquid-metal cycle and temperature conditions for a typical two-cycle system at rated 
power. 
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Fig. 2.9.1 — Predicted Effect of Reactor Outlet Temperature and Coolant Tem- 
perature Rise on Steam Generator Area for a Particular Application. Submitted 
by KAPL, Feb. 12, 1953. 
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Fig. 2.5.2— Predicted Liquid-metal-water Cycle and Temperature Condition for 
a Particular Application. Submitted by KAPL, Feb. 12, 1953. 
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Fig. 2.5.3 —mtermediate-cycle System; Operating Temperature Conditions for 
EBR. Submitted by KAPL, Feb. 12, 1953. 
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Fig. 2.5.4 — Calculated Steam-generator and Heat-exchanger Areas as a Func- 
tion of the Difference Between Reactor Outlet Temperature and the Maximum 
Temperature of the Secondary Coolant. Submitted by KAPL, Feb. 12, 1953. 
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INTERMEDIATE-CYCLE SYSTEM 


NO POWER CONVERSION OF INTERMEDIATE CYCLE 


To reduce the volume of the primary (radioactive) coolant system, which in turn reduces 
the weight, volume, and cost of the coolant shielding, intermediate liquid-metal cycles have 
been inserted between the primary liquid-metal system and the steam system.. This addi- 
tional system reduces the danger of radiation damage to, or chemical reaction with, the 
water system, at the expense of additional equipment. 

The Experimental Breeder Reactor cooling system is an example of this intermediate- 
cycle system (see Fig. 2.5.3). The temperatures shown represent operating power-produc- 
tion conditions. The cycle temperatures are reduced when power production is not required. 
The EBR-reactor and intermediate-cycle coolants are eutectic Nak. 

Intermediate-cycle systems have the cycle disadvantages of larger temperature differ- 
ences between the reactor outlet and the upper temperature of power conversion of the heat 
sink. It is practical to design the intermediate cycle with about the same water-equivalent 
flow rate as the reactor cycle, (WCp)reactor = (WCp)intermediate. If they are equal, the 
temperature level loss is the same as the log mean temperature across the intermediate 
heat exchanger (about 50° to 150°F). 

The minimum total intermediate heat-exchanger and steam-generator area or the mini- 
mum intermediate heat-exchanger area can be calculated. An example of the solution pre- 
sented in a design study is shown in Fig. 2.5.4. 


POWER-CONVERSION OF INTERMEDIATE CYCLES 


This system consists of the “basic-cycle” system firing a binary mercury-steam power- 
conversion system. This binary power cycle is the most efficient cycle used commercially 
for any size plant. Figure 2.5.5 compares mercury and steam plant net heat rates; the 
lower the heat rate or the higher the plant efficiency, the greater is the power produced per 
kilogram of fuel fissioned. A reactor binary power-production system is illustrated in Fig. 
2.5.6. A liquid-metal outlet temperature of about 1100°F would be required to make this 
system feasible; an outlet temperature of 1200° to 1800°F would make this system very at- 
tractive. 


NOMENCLATURE 


A = heat transfer area, ft? 
Cp = specific heat of primary coolant, Btu/(lb)(°F) 
E = evaporator 
¥F = feedwater heater 
IHX = intermediate heat exchanger 
Q = heat-transfer rate Btu/hr 
S = superheater | 
U = over-all heat-transfer coefficient, Btu/(hr)(ft?)(°F) 
V = velocity, ft/hr 
'W = mass flow rate of primary coolant, lb/hr 
t = temperature, °F 
Atim = log mean temperature difference, °F 
p = density, 1b/ft® 
Atr = temperature rise across the reactor 
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PLANT NET HEAT RATES BTU PER NET KWH 
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Fig. 2.5.5— Comparison of Mercury and Steam Plant Net Heat Rates. Re- 
printed from Mercury-steam Power Plants, by H. N. Hackett, Mechanical 
Engineering 73, 1951. By permission from American Society of Mechanical 
Engineers. 
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CHAPTER 2.6 


Mechanical Components and Design Considerations 


REACTOR COMPONENTS 
(J. H. Germer and C. R. Stahl) 


FUEL ELEMENTS 


REQUIREMENTS OF A FUEL ELEMENT 


A fuel element is the basic unit which furnishes heat in an atomic power reactor. The 
element must be designed to work at reasonable stresses and internal temperatures. It 
must not be corroded by the coolant, nor should the fuel material corrode its container. 

In order that it may transmit a large amount of heat, it must have a large surface area 
and must have a low resistance to the coolant flow. 

The fuel element should allow a reasonably large fraction of the fuel to be fissioned. 
Since some of the fission products are stable gases, the fuel element must be able to con- 
fine these gases either inside the fuel-element container or internally within the fuel solid. 
Evolution of these gases into the coolant stream is hazardous because of their inherent 
radioactivity. 

From a nuclear standpoint, the fuel element should not contain excessive amounts of 
materials which readily absorb neutrons (B, Cd, Mn, Li, Co, and the like). The fuel should 
not be present in such large concentrations that it shields neutrons from itself. Finally, it 
is desirable that the fuel element should not become more reactive as its temperature or 
power increases. : 

As a structure, the fuel element must be reasonably easy and economical to fabricate, 
and it must be sufficiently sturdy to withstand any mechanical or fluid loads imposed upon 
it. Usually, it must also be replaceable in the reactor. To eliminate handling tremendous 
numbers of small individual fuel elements, the smaller elements are ordinarily assembled 
into fuel rods as units. 


GENERAL TYPES OF FUEL ELEMENTS 


(1) Homogeneous. In a homogeneous reactor, there are no individual fuel rods. The 
fuel is combined with the coolant, and the core consists essentially of an enlargement in 
the coolant stream. The fuel may exist as a solution in the coolant or as a slurry of a 
solid material in the coolant liquid. 

(2) Liquid Fuel Cooled by Secondary Fluid. The fuel liquid in this case is not circulated 
but is present either inside or outside of tubes, from the other side of which the coolant 
liquid removes the heat. The fuel element may be an integral unit which can be removed 
individually, or it may be a permanent part of the reactor refueled by draining the fuel 
liquid. 

(3) Laminated Fuel and Structural Material. Such materials as uranium-zirconium 
alloy clad on both sides with zirconium have been used with success. At present they are 
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used only in water-cooled reactors, but they could be applied to liquid-metal-cooled re- 
actors. 

(4) Metal-filled Tubes. This type is used as rather large elements in natural-uranium 
reactors but could be used in small, high-flux fuel elements. The use of a solid metal 
solves the gas-storage problem, since gaseous fission products are retained within the 
structure of the fuel. If the fuel element is to generate a high heat flux, there should be an 
intimate bond between the fuel and the tube. The fuel may be present either in the form of 
uranium metal or as an alloy such as uranium-zirconium. If a high percentage of fuel 
burnup is required, a dilute fuel alloy is preferred, since high burnup in uranium metal 
causes its disintegration. : | | 

(5) Powder-filled Tubes (Pins). This type of fuel element allows large burnup since 
disintegration of the fuel is not a problem; also, high temperatures in the fuel are less of © 
a problem since they do not directly cause thermal stress. Normally, fission-product 
gases will be evolved from the powder, thereby requiring the element to be built as a 
pressure container. 


CONTROL ELEMENTS 


TYPES OF CONTROL 


The power level of a reactor varies as the rate of fission. The power remains constant 
whenever the rate of neutron generation in the fission process is equal to the rate of neu- 
tron fission capture plus the neutrons lost through leakage and non-fission capture. When- 
ever this neutron balance is maintained, the reactor is said to be “at critical.” If the rate 
of fission-neutron production is greater than the loss, the reactor is “above critical,” and 
the power level rises. If it is less, the reactor is “below critical,” and the power falls. 


The purpose of the control element is to regulate this neutron balance. From the regu- 
lation standpoint, there are three basic types of controls which are often superimposed on 
a single control element. 


(1) Fine Control. Maintains the reactor accurately “at critical,” except when power is 
to be raised or lowered. Action may be rapid, but only over a small amplitude, and it may 
be operated automatically. 


(2) Shim Control. Slowly regulates the control point over a wide range to compensate 
for large, long time effects such as fuel burnup and fission-product poisoning. 


(3) Safety Control (or “scram’’). Rapidly shuts down the reactor in an emergency by 
causing it to be “below critical.” This is usually accomplished both manually and automati- 
tically in case of too high a power level. 


METHODS OF CONTROL 


The neutron balance may be controlled by any of the following methods: 

(1) Inserting neutron-absorbing rods into the reactor core (the usual method on thermal 
reactors). 

(2) Inserting neutron-absorbing rods between the core and reflector. 

(3) Removing fuel from the core. 

(4) Moving portions of the reflector (either liquid or solid) which surround the core. 

(5) Adding fluid poison to the coolant. 

(6) Adding to the reactor core a “burnable poison” which is consumed at a rapid enough 
rate to compensate for the loss of reactivity. 

(7) Removing moderator (such as heavy water) from core. 
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OTHER REACTOR COMPONENTS 


SEALS 


Normally, a reactor container must be penetrated to operate the control elements and 
to refuel. The control elements are usually operated through either rotating or recipro- 
cating shafts. All such penetrations must be sealed to prevent the entrance of air and the 
exit of radioactive gases or coolant fluid. When liquid sodium is used as the coolant, seal 
construction is particularly important, since air which reacts strongly with sodium would 
thereby contaminate the system. 


WELDED SEALS 


A welded seal provides positive static sealing but may be inconvenient to remove. Gen- 
eral practice has been to rely upon bolts for mechanical strength and to provide thin lips 
which can be welded without heating the body of the metal excessively. 


Frozen Static Seals 


When a coolant liquid with a melting point above ambient temperature is used, static 
sealing may be accomplished by allowing the liquid to freeze. This requires control of the 
temperature of the frozen zone. When the seal is to be removed, the frozen seal must be 
melted, but at the same time, the gas pressure must be maintained in order to prevent the 
liquid from freezing at a higher level. Melting may be accomplished electrically or by 
allowing the unit to heat from radioactive decay. 

A frozen sodium seal should be blanketed by an inert gas to prevent corrosion of the 
sodium. 


Frozen Rotating Seal (Fig. 2.6.1) 


If the temperature gradient is maintained along the length of a frozen seal and if the 
other design conditions are favorable, a shaft will be free to rotate in the seal with low 
friction. Sodium under relatively high pressures has been sealed in this way. This type of 
seal cannot be relied upon, however, to seal against gas in the liquid metal. 


Rubber Boot Seals (Fig. 2.6.1) 


This seal system consists of a “rubber boot” in series with two rotating O-ring 
seals. A helium blanket is confined between the liquid-metal level and the seal to prevent 
sodium from reaching a level which would cause it to freeze. The rubber boot is a cy- 
lindrical piece of Type-GN Neoprene rubber of about 40 Durometer hardness, 4’), in. OD, 
3%, in. ID, and 14°/,. in. active length. The lower end is bonded to the rotating shaft, 
while the upper end is bonded to the stationary container. To enable the rubber boot to 
withstand a differential pressure on either side, metal rings are added for support. These 
rings are % in. wide and are located on the inside and outside of the boot. The surface in 
contact with the rubber has rounded edges and is chrome-plated to reduce friction and 
wear between the rings and the boot. To enhance the bearing sliding characteristics be- 
tween adjacent rings during twisting of the boot, alternate rings are made of bronze, so 
that a bronze:chrome-plated carbon-steel bearing surface exists between rings. A thin 
film of molybdenum disulfide is used as a lubricant. This seal was designed for 140° ro- 
tation. Leakage through the boot is caused only by diffusion and can be calculated from its 
diffusivity of 9 x 107° cm’/(min)(cm)(cm Hg). It is independent of flexing: 


3 ‘ ere y) 
edkage cm" _ diffusivity x area (cm ) x pressure across seal (cm Hg) 
min thickness (cm) 
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Fig. 2.6.1—— Four Types of Seals Used in Reactors. Submitted by Knolls Atomic 
Power Laboratory, Feb. 27, 1953. 
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Liquid Trap Seals (Fig. 2.6.1) 


A positive, diffusion-free seal can be made by requiring that any leakage gas pass 
through a trap filled with mercury or other liquid of extremely low gas diffusivity. Low 
pressure can be sealed with a seal in the form of a manometer; higher pressures can be 
sealed by a combination of liquid and a conventional sealing member. 


Wobble Seals (Fig. 2.6.1) 


Positive sealing of a reciprocating shaft can be accomplished with a welded metal bel- 
lows, but this method does not lend itself to a direct rotational seal. A rotating seal, how- 
ever, can be made by converting rotational motion into a wobble motion or a reciprocating 
motion, passing it through a metal bellows, and then converting back to rotational motion. 
This seal tends to be rather bulky and to have a limited torque and thrust capacity. 


BEARINGS 


Only bearings operating under conditions unique to reactor operation and associated with 
liquid-metal-cooled reactors are considered here. Important factors in the design of such 
bearings are compatibility of the bearing materials, friction, stability under irradiation, 
and ease of manufacture. 


Compatibility of Materials 


Two materials which have been found to give satisfactory service in liquid metal for 
intermittant, light-load service are Type-138A Kennametal on 779 Carboloy. Bearings 
made of these materials have been run in sodium at 850° to 950°F under a loading of 50 psi 
with good results; the maximum friction coefficients found under these conditions were 
0.31 running and 0.53 static. 


Journal-Bearing Design 


Reduction of Thermal Stresses 


Since bearing materials which differ from the structural material (stainless steel) must 
be used, differential thermal expansion between materials could result in severe thermal 
stresses. This effect is eliminated by the design shown in Fig. 2.6.2 which makes use of 
conical surfaces. In this bearing, any dimensional change produced by temperature vari- 
ation is radial from the “origin” which is located on the shaft center line. This eliminates 
any variation in the tightness of the bearing in its support as a result of relative thermal 
expansion. The only stresses introduced by a differential thermal expansion between the 
bearing and the shaft will be sliding stresses at the bearing-shaft interface owing to rela- 
tive expansion between the bearing and the shaft materials. 


Allowance for Misalignment 


To minimize the effects of misalignment, the inner (journal) bearing surface is made 
slightly convex (15 in. radius). Small misalignment is possible with only a slight amount 
of curvature (less than spherical); a spherical surface would produce higher contact 
stresses but would be capable of large misalignment. 


Clearance 


The bearing was designed to give 0.0135 in. to 0.0145 in. diametrical clearance on the 
4.5-in. contact diameter. This is based upon permissible play and freedom from binding. 
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. 2.6.2— Journal Bearing. Submitted by Knolls Atomic Power Laboratory, 
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Materials 


The inner race is made from 138A Kennametal and the outer race of 779 Carboloy. 


Anti-Friction Bearings 


Ball and roller bearings can be used if they are constructed of materials which will re- 
main hard at high temperatures (such as 18-4-1 tool steel). They should be designed so 
that there is a minimum of sliding of the various parts of the bearing on each other. To 
accommodate axial and angular misalignment as in the journal bearing (Fig. 2.6.2), sev- 
eral bearing designs anti-friction have been developed (Figs. 2.6.3, 2.6.4, and 2.6.5). 

For small-angle oscillations, conventional needle bearings of 18-4-1 tool steel have been 
successful. 


THERMAL SHOCK SHIELDS 
(R. J. Fritz) 


NEED FOR SHIELDS 


It is well known that thermal gradients in structural members cause thermal stresses 
owing to unequal expansion of the various elements of the structure. When the thermal 
gradients are transient instead of steady state, determination of these stresses at any 
instant is unchanged. In the operation of nuclear reactors, where large quantities of heat 
are transferred to a fluid heat-transfer medium, thermal transients are generated in the 
fluid coolant and hence in the associated reactor structure when a constant relationship 
between the reactor power and the coolant flow rate is not maintained. 

Probably the most severe thermal transient is caused by an emergency shutdown or 
scram of the reactor. Reactor power will generally decay more rapidly than the coolant 
flow rate decreases causing transient thermal stresses in the structure owing to the 
quenching action of the coolant. In systems using fluid capable of transferring very high 
transient heat flux rates, rather severe thermal gradients may be induced in the enclosing 
structure, depending on the coolant temperature changes involved. As the thermal tran- 
sients are propagated into the material of the structure, the gradients are reduced or 
dissipated. 

The presence of thermal gradients in a structural plate, which is restrained against 
bending, or in the wall of a long circular cylinder causes thermal stresses given by: 


KO =p (%—-7) (1) 
where o, and oy are biaxial stresses tangential to the surface taken in the principal direc- 
tions. Equation (1) is not valid near the edges of the plate or cylinder. In the case of a 
cylinder, x and y are taken in the longitudinal and circumferential directions. The stress 
in the direction normal to the surface may normally be neglected. E is Young’s modulus; 
a, the coefficient of linear thermal expansion; and yp, Poisson ratio for the material. The 
quantity Ea/1—p is approximately 360 psi/°F for austenitic steels and about 220 psi/°F for 
ferritic steels. The temperature distribution in the structure will be generally a function 
of time and the normal distance from the coolant surface. T, is the average temperature 
of the plate or cylinder wall, and T is the temperature at the point for which the stresses 
are being evaluated. For a plate, the average temperature is given by: 


1 e | 
Ty => ‘ T(x)dx (2) 
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Fig. 2.6.3 — New Departure Bearing. Reprinted from Babcock and Wilcox 
Rept. 5065, J. 8. Gilhart and W. Market, Jr., Rolling Contact Bearings for Os- 
cillating Service in High-temperature Sodium, Oct. 30, 1952. 
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Fig. 2.6.4——Shafer Bearing. Reprinted from Babcock and Wilcox Rept. 5065, 


J. S. Gilhart and W. Market, Jr., Rolling Contact Bearings for Oscillating Ser- 
vice in High Temperature Sodium, Oct. 30, 1952. 
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Fig. 2.6.5 —De Groh Bearing. Reprinted from Babcock and Wilcox Rept. 
5065, J. S. Gilhart and W. Market, Jr., Rolling Contact Bearings for Oscillating 
Service in High Temperature Sodium, Oct. 30, 1952. 


where T(x) is the temperature distribution as a function of the thickness coordinate x. 
For a cylindrical shell: 


b 
Ty = on J rT(r)dr (3) 


where b and a are the outside and inside radii of the shell and T(r) is the temperature dis- 
tribution as a function of the radial coordinate r. For a pipe where the diameter is much 
larger than the wall thickness, Eq. (3) will reduce to Eq. (2). 

This relation gives the actual stress if the proportional limit of the material is not ex- 
ceeded. Otherwise, it gives merely an index to the thermal-shock severity. 

When a thermal transient is impressed on the surface of a structure, the thermal gradi- 
ents are most severe near the surface and become less severe with increasing distance 
from the surface. If it is desired to protect the structure from thermal-shock stresses, 
putting thin laminations or thermal shields between the coolant surface and the structure 
will filter out or attenuate severe gradients. It is possible by choosing the thickness of 
these laminations to limit the thermal stress in the structure. 

A procedure that may be used to estimate the thermal stresses is as follows: 

(1) Determine the transient-temperature distribution in the structure wetted by the 
coolant. This temperature distribution is plotted with the distance normal to the wetted 
surface as abscissa and time as a parameter. 

(2) Determine the average temperature of the lamination T),by Eq. (2) or (3), whichever 
applies. Equation (2) can be solved graphically by finding on the temperature-vs-distance 
plot the rectangle that gives the same area as the actual temperature distribution. The 
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height of the rectangle is the average temperature, T,, and the base is the plate thickness. 

By a cut-and-try method, one can determine the lamination thickness to limit the maxi- 
mum transient stress to a specified value. The problem is then to support these lamina- 
tions so as to accommodate their shrinkage relative to their supports. 


DESIGN BASIS FOR SHIELDS 


DETERMINATION OF THERMAL SHOCK STRESS LIMITATIONS 


The term “thermal shock” implies a thermal transient severe enough to cause failure 
within only a few cycles or even a single cycle. Fatigue failures may also occur after 
many cycles of fast- or slow-cycling of more moderate thermal stresses. Moreover, a 
thermal transient that causes a fatigue failure in one structural geometry could, in a dif- 
ferent structural geometry, cause failure within only a few cycles. Hence, there is no 
inherent characteristic of the thermal transient that identifies it as being critical either 
from thermal-shock or thermal-fatigue standpoints. 


Thermal stresses differ from the ordinary engineering stresses in that they represent 
a strain input rather than a load input. To accommodate very large thermal stresses such 
as those which may occur in a high specific-power nuclear reactor, extra care must be 
exercised in design to anticipate those factors that cause loss of ductility or embrittlement 
of the structure, such as corrosion, galling, stress concentrations, high stress gradients, 
low-quality material, poor welds, time-temperature aging, and nuclear radiation damage. 

Notches, weldments, and structural discontinuities (as flanged pipes) which are present 
in power-plant structures cause loss of ductility. To test these factors, a thermal-shock 
test program has been jointly undertaken by Mine Safety Appliances Company and the 
Knolls Atomic Power Laboratory. The first specimen to be tested was a section of butt- 
welded 8-in., Schedule-40 (0.322-in. wall) stainless-steel (Type-347) pipe. The inside 
pipe surface was quenched 2500 times with NaK from 850°F to about 400°F in about one 
second. The pipe did not exhibit any operational deficiencies. Radiographic and liquid- 
penetrant tests did not reveal any defects. Subsequent examination by microphotographs, 
however, revealed that cracks that had formed during welding in the root section between 
the pipe and backup ring had propagated during the test. Cracks extending about 0.010 in. 
into the 0.322-in. wall were observed. This test provided evidence of the detrimental 
features of leaving backing rings in thermally-shocked butt-welded pipes. 

Stresses (produced by thermal shock) in excess of the yield strength may be permitted 
in design provided the severity of the stress and the number of repetitions of thermal 
shock are known. When plastic flow of the metal results from severe thermal stress 
brought about by a particular reactor operating condition, a change in operating conditions 
can lead to a reversal both in stress and plastic flow. Consequently, the cycling of these 
operating conditions may result in failure by fatigue in severely loaded components. An 
experimental program* is being carried out at KAPL to assess the seriousness of the 
phenomenon and to reliably determine a satisfactory basis for design. Thin-walled, tubu- 
lar, test specimens are subjected to cyclic uniaxial stresses induced by thermally shocking 
the specimen and constraining the specimen longitudinally. The temperature cycle is es- 
sentially a square wave with time. Heating is accomplished electrically with the specimen 
serving as its own resistance, and cooling is done with an air blast. The “hold time” is 
the time for which both the maximum and minimum temperatures are maintained in each 
cycle and is adjustable over limits. Test conditions have covered a wide range of thermal 
shock varied in magnitude, mean temperature, and cycling period. 


*Details of this program are described in An Apparatus for the Study of the Effects of Cyclic Ther- 
mal Stresses on Ductile Metals, Knolls Atomic Power Laboratory, L. F. Coffin, Jr. and R. P. Wesley, 
KAPL-830, Oct. 27, 1952, Unclassified. 
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Fig. 2.6.7— Effect of Mean Temperature on Cycles-to-failure for Thermally- 


cycled Type 347 Stainless Steel. Submitted by Knolls Atomic Power Laboratory, 
Feb. 27, 1953. 
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A fairly thorough investigation of annealed Type-347 stainless steel has been carried 
out. Figure 2.6.6 shows the effect of the magnitude of repeated thermal shocks (T max- 
Tmin) in producing fatigue failures for this material. Here, the mean temperature [(Tax - 
Tmin)/2] of the shock is maintained at 350°C (662°F) with about 4 cycles of thermal shock 
per minute. Variation of the mean temperature while maintaining a thermal shock, which 
is fixed in magnitude (300°C), is shown in Fig. 2.6.7. Finally, in Fig. 2.6.8, the influence 


of the frequency of cycles on cycles-to-failure for a particular magnitude of thermal shock 
is shown. | 


RESIDUAL HEAT REMOVAL 
[D. J. Oakley and G. E. Tate (Foster Wheeler) | 


Residual or emergency cooling systems are required for any reactor that will produce 
sufficient heat, if the coolant flow is interrupted, to damage the structure by the effects of 
high temperature. Reliable systems have been designed and tested either to add coolant 
to a system or to implement circulation and heat removal from the reactor, or both. If 
the integrity of the reactor cooling system is high, the first problem can be dismissed. 


It is preferable to prevent a loss of coolant rather than to have a reservoir system with 
only a limited life. 
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CHAPTER 2.7 


Design and Construction of 


External Heat-transfer System 


The technology of sodium and NaK heat-transfer systems is comparatively well devel- 
oped; both large- and small-scale systems have been operated over extended periods at 
temperatures up to 1000°F with a fluid temperature rise as high as 300°F. Power plants 
with mercury as the working fluid have been operated successfully for many years. 
Lithium and lead-bismuth coolants, on the other hand, have been studied only in small- 
scale laboratory systems. 

Most experience with liquid metals has been limited to non-radioactive systems. To 
date, two liquid-metal-cooled reactors have been operated, viz., the NaK-cooled Experi- 
mental Breeder Reactor (EBR), which is a dual-purpose installation of power-plant scale, 
and the mercury-cooled fast-reactor at Los Alamos, from which the heat is removed 
without power production. Although transfer of radioactive material with liquid metal as 
the carrier has been noted in laboratory experiments, it was not observed at EBR after 
approximately 12 megawatt-days of operation. 

The design and construction of liquid metal systems is based upon established high- 
temperature practice with special provisions for the unusual properties of the liquid 
metals: 

(1) It is most important that the system be completely leak-tight to prevent escape of 
radioactive and/or chemically active coolant, or in-leakage of air. This requirement af- 
fects every component and is most significant in the design of pumps and valves, which 
entail shaft penetrations into the system. All-welded construction is recommended for 
piping and heat exchangers, and leak testing with sensitive instruments, such as the helium 
mass spectrometer, is advisable both during and after fabrication. 

(2) A high degree of system cleanliness is essential. Internal surfaces must be kept free 
of welding scale, cutting oils, and dirt during assembly; the completed system should be 
degreased with an appropriate solvent, then flushed out and thoroughly dried. 

(3) For metals with high melting points, e.g., sodium, lithium, or lead-bismuth, freezing 
and plugging difficulties are encountered, particularly in small lines, and provision must 
be made for preheating the entire system before circulation is started. 


HEAT EXCHANGERS AND STEAM GENERATORS 
(D. B. Nelson) 


Units for the exchange of heat from one liquid metal circuit to another are used to iso- 
late a reactor coolant from a non-radioactive system. These “intermediate heat ex- 
changers” must be specially constructed to prevent leakage between circuits should the 
reactor coolant become highly radioactive. Since their normal operating pressures are 
low (less than 100 psi), some latitude in design configuration is available. 
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For liquid metal steam generators, the potentially violent reaction between water and 
the alkali metals necessitates special construction features. Moreover, design latitude is 
considerably restricted since steam pressures of 400-600 psi may be required. 

Thus, most liquid-metal heat-transfer units, whether exchangers or steam generators, 
have been designed so that simultaneous faults in two separate circuits must occur before 
the fluids can mix. Several such installations have been operated in the Alplaus Heat 
Transfer Test System at the Knolls Atomic Power Laboratory. In these units, the conven- 
tional shell-and-tube configuration has been modified to include concentric tubes joined to 
individual tube sheets with a static liquid (thermal bond) in the annulus between tubes and 
in the space between tube sheets; sodium has been used as the static fluid in the heat ex- 
changers and mercury in the steam generators. Leakage from either circuit can be de- 
tected from a variation of the pressure or the volume of the static fluid. Thermal expan- 
sion is taken up by bellows expansion joints or by using free-mounted hairpin tubes. 

A heat exchanger and steam generator of different designs are used in the power con- 
version system of the Experimental Breeder Reactor.'*? The heat exchanger is of the 
shell-and-tube type with hairpin tubes of “L” nickel and with seal-welded mechanical 
joints. The steam generator is composed of concentric nickel tubes; the annular spaces 
are filled with copper provided with minute longitudinal flutes to allow passage of gas. The 
presence of metal vapor or oxides in the gas permits detection of leaks. 

Duplex tubes without an intermediate bonding medium and either with or without detec- 
tion flutes are also under development.® 

Completely separate circuits can also be maintained by passing each fluid through its 
own set of tubes. The two sets are intermeshed to form a bundle immersed in the static 
fluid which provides the thermal bond between the tubes. Differential expansion between 
the outer shell and both sets of tubes is absorbed by bending of the hockey-stick-shaped 
tubes (Fig. 2.7.1). Such units yield high over-all heat-transfer coefficients at relatively 
low pressure drops, since all circulation is inside tubes. Still further reduction in size 
has been gained by flattening the tubes to approach a flat-plate configuration. Shell-and- 
tube units of single-walled tube construction have been used in numerous cases where less 
assurance of leak tightness was required. 

The performance of two liquid metal heat exchangers is illustrated by Fig. 2.7.2. The 
data‘ are for sodium-to-NaK heat exchangers designed for 8 x 10° Btu/hr rating at a log 
mean temperature difference of 70°F. The over-all heat-transfer coefficient is plotted 
against flow rate when the ratio 


Wn akc 
_NaK “Pak or “tna = 0.77, 1.0, and 1.3 
Wna°p,, Atyak 


where W = mass flow rate, lb/hr 
= specific heat, Btu/(Ib)(°F) 
At = temperature rise, °F 


These exchangers employed “L” nickel tubes and a sodium-filled annulus to obtain maxi- 
mum thermal conductance of the walls and thereby capitalize on the high, liquid-metal, 
heat-transfer coefficients. Wall resistance still represents 30 to 50 percent of the total. 

Steam-generator performance is illustrated by the Fig. 2.7.3 evaporator and super- 
heater data of units described by Brooks and Rosenblatt.‘ These are of concentric-tube 
construction with static mercury as the thermal bond. The steam circuits differ in that 
one is natural circulation and the other forced circulation, The values obtained indicate 
the general experience in producing steam at 500 psia and superheating to 760°F. 


‘References appear at end of chapter. 
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Fig. 2.7.2— Over-all Heat-transfer Coefficient as a Function of Weight Flow 
of NaK for two Alplaus Liquid-metal Heat Exchangers. Submitted by Knolls 
Atomic Power Laboratory, Sept. 8, 1952. Sodium temperature at inlet for both 
exchangers was 950°F . 
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Fig. 2.7.3— Over-all Heat-transfer Coefficient as a Function of Weight Flow 
of NaK for Alplaus Liquid-metal Steam Generators. Submitted by Knolls Atomic 
Power Laboratory, Sept. 8, 1952. NaK inlet temperature ranged from 790°F to 
905°F. 
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The superheater of the Experimental Breeder Reactor is composed of four of the nickel- 
copper-nickel tubes described above. The NaK flows through the four tubes in parallel 
while steam makes the four passes in series. The tubes are 2 in, ID and 10 ft long witha 
total internal heat-transfer area of 20 sq ft. At a NaK rate of 278 gpm and a steam rate of 
3160 lb/hr, the over-all coefficient was 95 Btu/(hr)(sq ft)(°F); the NaK entered at 560°F 
while the steam left at 510°F and 390 psig. 

Tube diameter and tube spacing play a large part in determination of heat-transfer rates 
per unit volume of the tube bundle. Comparative performance factors, Btu/(hr)(°F)(cu ft), 
are shown in Fig. 2.7.4 for Na-heated water evaporators of a range of tube diameters and 
spacings. A basic configuration of Na inside the tubes, Hg-filled annuli, and boiling water 
in the shell is used for this comparison. The significance of tube-wall conductance is 
illustrated by the dotted family of curves in which Type-347 stainless steel has been re- 
placed by nickel-zirconium as the tube material and the mercury in the annulus replaced 
by sodium. 

Tubes of differing designs are compared in the bar chart of Fig. 2.7.5. All tubes shown 
are 0.83 in. ID with the sodium-side coefficient and the outside boiling-coefficient assumed 
constant. Spacing was assumed to be in accord with the Standards of the Tubular Ex- 
changer Manufacturer’s Association (see Fig. 2.7.4). 


PUMPS AND VALVES 
(J. F. Cage, Jr., and G. D. Collins) 


PUMPS 


From a purely hydraulic point of view, pumping of sodium and NaK is relatively easy. 
The physical properties (vapor pressure, density, and viscosity) are such that mechanical 
pumping is possible; the electrical resistivity and permeability of the fluids make them 
suitable for pumping by electromagnetic means. There are a large number of materials 
which are sufficiently corrosion resistant to be useable as structural materials in pumps 
for service up to about 1000°F. With the exception of the bearings, choice of materials is 
not usually a major problem in the design of pumps. 

There are, however, general requirements which have made special design and develop- 
ment necessary for high-temperature sodium and NaK pumps. These are: 

(1) Ability to pump high-temperature liquids. This is not a particularly unique problem, 
as it has been encountered in the pumping of high-temperature salts and oils in other ap- 
plications. However, it calls for special features in the design of windings and drive 
motors which are more troublesome than those encountered in conventional pump design. 

(2) Ability to operate for extended periods without maintenance. Since maintanance may 
be difficult because of radiation hazard, an attempt should be made to minimize or elimi- 
nate parts subject to wear and fatigue and components requiring adjustment. 

(3) The necessity of leakless, or nearly leakless, operation. This is usually the govern- 
ing factor in the design and selection of pumps and has led to the development of unusual 
means for sealing mechanical pumps as well as to the development of electromagnetic 
pumps which can be made inherently leakless. 

In addition, the unique features of the application may dictate the type of pump to be 
used and greatly influence its design. Some of these features are: 

(1) The space available for the pump. 

(2) Source of power for the pump and space available for special power supplies. 

(3) Available auxiliary systems—vwater or gas cooling systems, bearing oil supply sys- 
tems, available provisions to vent bleed off gases, and the like. 

(4) The relative importance of the weight of the pump in the over-all system design. 

(5) The fluid circuit characteristics and location of free surfaces— whether the pump is 
required to pump from a sump into an overhead tank or to circulate in a closed system. 
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Fig. 2.7.4— Heating Rate per Unit Volume of the Tube Bundle as a Function 
of OD of Outer Tube for Two Types of Concentric Tubes. Submitted by Knolls 
Atomic Power Laboratory, Sept. 8, 1952. 
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Fig. 2.7.5—— Heating Rate per Unit Volume of Tube Bundle for Tubes of Vari- 


ous Designs. Submitted by Knolls Atomic Power Laboratory, Sept. 8, 1952. 
Spacing according to Tubular Exchanger Manufacturer’s Association. 
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(6) The pressure available at the pump inlet to prevent cavitation. 

(7) Method of speed control— whether the pump operates at constant flow or whether the 
flow is variable, and by what means this variation is obtained. _ 

(8) Whether the pump is stationary in space or is required to operate under conditions of 
pitch, roll, and mechanical shock expected in a mobile plant. , 

Liquid-metal pumps have been designed to meet unusual system requirements or to take 
advantage of different facilities. As a consequence, they vary widely both in type and in 
design depending on the application: 

(1) In the EBR, circulation through the reactor is maintained by gravity flow from an 
overhead tank into a sunip. In this application, a DC Faraday-type pump is used to pump 
from the sump to the overhead tank. 

(2) In numerous test loops, where dependable operation is required and space for special 
power supplies is available, the DC Faraday-type electromagnetic pump has been widely 
and successfully used. 

(3) The characteristics of a number of electromagnetic and mechanical pumps con- 
sidered for some of these applications are listed in Tables 2.7.1 and 2.7.2. 

Sufficient development has been done on certain types of pumps to allow some general 
conclusions which are of interest whenever the application of a proposed pump to some 
future reactor cooling system is being considered. In this analysis, pumps are divided into 
two general groups, mechanical and electromagnetic. 


MECHANICAL 


The problems encountered in the design of pumps for sodium and NaK are, with certain 
exceptions discussed in the following paragraphs, those encountered in any pump design. 
Cavitation parameters in sodium and NaK appear to follow the laws governing this phe- 
nomenon in other fluids. It has been observed that during conditions of severe cavitation the 
rate of loss of material in 400°F sodium is several times that in water at room tempera- 
ture. 

The operation of bearings in sodium and Nak is difficult because of the increased tend- 
ency of materials to gall when rubbing in liquid metals. This markedly reduces the life of 
most antifriction bearings and limits the selection of materials for slider-type bearings. 
The wearing characteristics of approximately 400 pairs of materials have been evaluated in 
NaK at various temperatures up to about 850°F; the best of these are listed in Table 2.7.3. 

The problem of obtaining an adequate shaft seal has led to a number of methods which so 
influence the pump design that mechanical pumps can be categorized by the method of seal- 
ing. Three such categories are discussed in the following paragraphs. 


Shaft-seal Pumps 


Pumps utilizing a shaft seal are the nearest in design to conventional pumps. The shaft 
can be driven by the most suitable means, such as an AC or DC motor, turbine, or other 
conventional prime mover, which allows maximum flexibility of control and minimizes or 
eliminates special power supplies. Conventional bearings are used and lubricated in a 
normal manner. 

Shaft seals which seal the liquid metal directly have, for the most part, been found not 
suitable. A number of pumps have been built and operated which utilize a double-seal ar- 
rangement in which the leakage of liquid metal through one seal is accumulated in a reser- 
voir under an inert gas blanket; the second seal serves to prevent leakage of the gas. A 
design of this sort is shown in Fig. 2.7.6. This arrangement requires an auxiliary system 
to accommodate the fluid leaking past the first seal and successful operation depends on 
the maintenance of proper fluid levels throughout the entire system. Effective periods 
between maintenance are usually limited by the operation of the gas seal. 
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Shaft seals employing frozen sodium have been used on small shafts with moderate suc- 
cess. Sodium is allowed to leak into a thin annulus surrounding the shaft; the temperature 
in this region is kept below the freezing point by means of forced cooling. As a result of 
friction, a thin film of molten sodium is maintained immediately around the shaft. The 
film can withstand moderate pressures without being expelled. 


Canned-rotor Pumps 


In canned-rotor pumps, sealing is accomplished by means of a thin cylindrical liner in- 
terposed in the air gap between the stator and the rotor of the induction motor which 
drives the pump. The end of the liner facing the impeller is welded to and open to the 
main pump body, which is made leak tight and filled with the liquid metal. The opposite 
end of the liner usually contains a radial bearing and is welded closed. Liquid metal gen- 
erally fills the gap and surrounds the rotor; the liquid metal serves to remove rotor heat 
losses and lubricates the bearings, which are entirely internal. Forced cooling of the 
stator windings is necessary and is usually accomplished by a water jacket on the motor 
yoke. An auxiliary heat exchanger is required to remove the rotor losses from the liquid 
metal which flows through the gap; this portion of the liquid metal is kept separate from 
the main stream and maintained at as low a temperature as can be tolerated without caus- 
ing an excessive concentration of oxides within the pump. 

Canned-rotor pumps are generally compact. They require circulating-liquid cooling 
systems which occasionally must have special temperature control. The use of forced air 
or gas cooling simplifies the pump design but usually requires gas-monitoring systems 
and excessive shield penetrations. Since they are totally sealed, canned-rotor pumps re- 
quire no vent or bleed off and are independent of the location of free surfaces in the sys- 
tem. Power must be supplied from a suitable AC source. If voltage control of flow varia- 
tion is required, the drive motor must be oversize and must contain special design 
features. Speed variation is limited to a range of about 20 to 100 percent of full speed by 
bearing operation if either hydrodynamic or internally supplied pressure pad bearings are 
used. This range can be extended to substantially zero percent if externally supplied pres- 
sure pad bearings are used. Efficiencies up to 55 percent have been obtained with pumps 
of this type. 

A canned-rotor pump using externally supplied pressure pad bearings and gas cooling is 
shown in Fig. 2.7.7. 


Canned-motor Pump 


In the canned-motor pump, the drive motor, pump shaft, and bearings are enclosed in a 
hermetically sealed vessel in which an inert-gas blanket covers the liquid metal; this avoids 
shaft penetrations of the gas blanket and its. associated seal. Conventional bearings are 
usually used, and precautions are taken to prevent the diffusion of liquid-metal vapor into 
the bearings and motor. 

Pumps of this type have been used in stationary applications, usually as a sump-type 
pump when liquid-level control can be maintained by gravity. Since these pumps are 
totally enclosed, vents and auxiliary systems are not required. The canned-motor pump 
is not particularly compact because the motor and gas vessel are gas-cooled. Because of 
the high wear of carbon brushes operated in the absence of water vapor, DC motors have 
not been required. The problems associated with the use of an induction motor are the 
same as for those using an induction motor driving a canned-rotor pump. 


ELECTROMAGNETIC PUMPS 


Electromagnetic pumps, which utilize the effect of electromagnetic forces on the liquid 
metal, have been the subject of extensive development for the past five years. 
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Fig. 2.7.6— Shaft-seal Pump Tested at Alplaus (400 gpm, 126-ft head). Sub- 
mitted by Knolls Atomic Power Laboratory, Sept. 8, 1952. 
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All electromagnetic pumps have the desirable feature of requiring no penetration into 
the liquid metal which makes complete sealing possible. Their size and weight are of the 
same order of magnitude as mechanical liquid-metal pumps of the same rating. They re- 
quire no venting or gas bleed lines, are independent of the location of free surfaces in the 
fluid system, and normally have characteristics which are independent of their orientation 
in space. 

Electromagnetic pumps contain the liquid metal in ducts which vary in wall thickness 
from about 0.025 to 0.060 in. Normal practice is to provide secondary support for these 
thin-walled members so that they are not required to withstand operating pressures. 

Cavitation of the fluid in the neighborhood of these thin-walled members must be 
avoided. Tests have shown that maintaining a total pressure at the pump inlet approxi- 

_ mately 2.5 times the maximum velocity head in the pump is sufficient to prevent cavita- 
tion, provided that the hydraulic passages are reasonably well designed. 

Three types of electromagnetic pumps which have been. built and tested in various sizes 
and which are fairly well developed arethe linear, AC, induction pump, the helical-flow 
induction pump, and the DC Faraday type. These are discussed in the following paragraphs 
and their characteristics are shown in Table 2.7.2. 


Linear Induction Pump 


This pump utilizes a multipole field traveling axially down the fluid duct. The field is 
produced by polyphase AC windings located on two sides of the duct, normally of rectangu- 
lar cross section. Present practice is to limit fluid velocities to about 40 ft/sec or less 
and tu maintain an aspect ratio in the duct cross section of about 24:1. A model of the 
- linear induction pump is shown in Fig. 2.7.8. 

Since the windings must be close to the hot liquid-metal duct, their cooling requires 
special attention. Pumps can be designed to use either gas or water cooling, and moderate 
winding temperatures can be maintained with reasonable quantities of coolant. A water- 
cooled pump (the 2500-gpm unit in Table 2.7.2) is shown in Fig. 2.7.9. 

Efficiencies of about 40 percent have been obtained with pumps of this type, and values 
as high as 50 percent should be possible, The power factor is characteristically low, 
usually about 40 percent. Improvement in efficiency can be obtained at the expense of a 
reduction in power factor. Linear pumps can be designed to operate at 60 cps-voltages 
without severe design compromises. The performance of the 2500-gpm unit is given in 
Fig. 2.7.10. | 

The characteristics of the linear induction pump make it suitable for operation over a 
wide flow range using voltage control; AC power is, of course, required, The low power 
factor requires the use of either high-KVA-rating alternators or power-factor-correction 
equipment, such as capacitors. The only auxiliary system required is the winding cooling 
system, either water or gas. Temperature regulation of the coolant is not normally re- 
quired. 


Helical-flow Induction Pump 


This pump is similar to the linear induction pump in principle; the fluid, however, is 
contained in a hollow cylindrical duct (Fig. 2.7.11), rather than in a flat duct of rectangular 
cross section. The helical-flow type is usually more compact than a linear pump of the 
same rating but normally about 50 percent heavier. The operational characteristics and 
cooling requirements for both are similar. The two differ in that the helical type usually 
requires a frequency less than 60 cps for optimum efficiency. 
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Fig. 2.7.10—Performance Characteristics of 2500-gpm Linear Induction Pump. 
Submitted by Knolls Atomic Power Laboratory, Sept. 8, 1952. 
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Fig. 2.7.11—Helical-fiow Induction Pump. Submitted by Knolls Atomic Power 
Laboratory, Sept. 8, 1952. | 
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DC Faraday Type 


This is the most elementary of all the electromagnetic pumps and has the simplest con- 
struction, The fluid is contained in a thin-walled duct, usually of rectangular or square 
cross section, which is located in a constant field. Current is forced through the fluid in a 
direction perpendicular to the direction of the field and the direction of flow. This current 
is conducted into the fluid by electrodes which are normally brazed to the walls of the duct. 
These elements are shown schematically in Fig. 2.7.12. 
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Fig, 2.7.12—-Schematic Drawing of DC Faraday Pump. Submitted by Knolls 
Atomic Power Laboratory, Sept. 8, 1952. 


The theory of operation of the DC pump is fairly well developed, and design parameters 
are understood well enough so that the design of a pump of this type is a reasonably 
straightforward process. Methods of compensating for the field distortion owing to the cur- 


358 


EXTERNAL HEAT-TRANSFER SYSTEM CHAP. 2.7 


rent flowing in the fluid have not been worked out thoroughly, nor has a method for multiple 
re-entry of the current been successfully developed. 

Efficiencies of about 50 percent have been obtained with this pump, and theoretical anal- 
yses have indicated that higher efficiencies should be possible. This type inherently has 
a low characteristic input impedance and requires a very-low-voltage, DC power source. 

' Most DC Faraday pumps must operate at less than 2 volts. 

DC Faraday pumps can be made with shunt or separately excited field coils which are 
cooled by natural convection and which utilize varnish-type insulation. Series-connected 
pumps have also been built which require no electrical insulation in the conventional 
sense, thereby avoiding cooling requirements altogether. 

DC Faraday pumps are usually equivalent to helical-flow induction pumps in weights but 
are somewhat more bulky. Flow control over a wide range can be obtained by voltage 
variation, a stable satisfactory method. The unusual power requirements, however, are a 
handicap; the difficulty of supplying very large currents, plus the sheer bulk of bus-bar 
work to carry them, have prevented use of the DC Faraday type in applications where 
capacities above a few hundred gpm are required. 


VALVES 


Valves for service in liquid metal systems are usually distinguishable from conventional 
valves for high-temperature service only in that more attention is given to sealing the 
valve stem. Bellows are generally used, but occasionally, double bellows are employed. 

Valve seats of conventional design are used for liquid metals; hard-facing materials 
such as stellite are satisfactory for sodium up to about 950°F. Conventionally designed and 
manufactured valve seats are not capable of completely stopping liquid sodium under 
moderate pressure, and freezing is generally used where a complete shut-off is required. 

There has been little development of special valves for liquid-metal service since most 
requirements have been met using standard valves with little or no modification. Work on 
valves has largely been limited to testing of bellows to establish their probable life when 
used as stem seals. The dependability of valves is limited owing to the statistical proba- 
bility of premature bellows failure. 


AUXILIARY EQUIPMENT 


Table 2.7.4 is a summary of the types of piping, insulation, and joints which have been 
- used with some liquid metals. 


INSTRUMENTATION 
(F. O, Prescott) 


Most of the development work in liquid-metal instrumentation has been done for sodium 
and NaK, but many of the instruments are applicable with some modification to lithium and 
lead-bismuth and possibly other liquid metals. Comparison of physical properties of a 
given liquid metal with those of sodium and NaK will indicate the possibility of applying 
these instruments. 

The liquid-metal properties which affect instrumentation are: 

(1) Thermal conductivity —high values are very advantageous in temperature measure- 
ments, affording fast time-constants and good, representative, mixed mean-temperature 
measurements. 

(2) Electrical conductivity — high values permit the application of such devices as the 
magnetic flowmeters and resistance level-detectors. 
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(3) Melting point—for sodium, the relatively high (as compared with NaK) melting point 
is both an advantage and disadvantage. In case of a small leak, as into a capillary tube, the 
sodium may freeze, thus reducing the hazard of fire, whereas the low melting point of NaK 
makes it a potential fire hazard under the same circumstances. On the other hand, NaK 
requires no heat source to keep sensing lines from plugging, while sodium lines must be 
heated and maintained at a temperature above the melting point. 

(4) Vapor pressure— both sodium and NaK have sufficiently high vapor pressures at 
normal operating temperatures to cause difficulties. The vapors tend to condense out on 
the cooler surfaces of containers, sensing lines, and vent lines, eventually leading to plug- 
ging. This has been especially troublesome in systems which employ a pressure control 
on gas exhaust lines. 

(5) The danger of plugging owing to thermal transport also necessitates heating of liquid- 
metal instrument lines. 


TEMPERATURE 


The precision attainable in temperature measurements above 500°F in high neutron 
fluxes has yet to be established. Thermocouples are most widely used since they do not 
appear to be grossly affected. Resistance thermometers, however, may drift as much as 
5 to 10 percent from their calibration in a neutron field. It is believed that the drift is a 
result of stresses induced in the resistance element. 

Besides calibration uncertainties, the effects of both gamma-and neutron-radiation upon 
electrical insulators have been a major problem. While a good deal of work is currently 
being done on this, at present the rather meager data available dictate the use of powdered 
inorganic insulators such as MgO or A1,O;, supported in a metal sheath. 

For temperature measurements inside the neutron shield, KAPL is using a stainless- 
steel-clad, two-wire, chromel-alumel thermocouple with MgO insulation. These are manu- 
factured by the General Electric Industrial Heating Division and can be obtained in units 
as small as ¥/,, in..OD. They are suitable for direct immersion in molten sodium and pro- 
vide very fast time-constants. 

Resistance thermometers are used outside the primary shield. The Leeds & Northrup 
Co. makes a unit which is accurate to +1°F at 1000°F temperatures. Apart from special 
design considerations of response time and installation methods, these are standard ele- 
‘ments. Connections to these units are made with General Cable’s “MI” cable to bring the 
leads through the secondary shield. 


PRESSURE 


Conventional methods for measuring pressure are not applicable to sodium systems for 
several reasons, First, bourdon tube instruments, directly connected, plug very quickly 
even when adequately heated; second, bellows-type detectors or transmitters which have 
a sharp temperature gradient across them are vulnerable to calibration shifts owing to 
condensation of sodium vapors between convolutions of the bellows; third, any method in- 
volving the use of electrical heating is only as reliable as the heating circuit. Caution must 
be observed in heating techniques, for the cold-trap effect (cf. Chap. 2.4) may result in 
precipitation of impurities and plugging. 


FLOWMETERS 


The magnetic flowmeter of Kolin’ has been given much attention since the advent of 
liquid-metal-coolant systems. The unit is externally mounted on the pipe, making replace- 
ment a simple matter. There is no head loss associated with the magnetic flowmeter, for 
no power is drawn from it. Since the variable measured is velocity, the output varies 
linearly with flow. 
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The principle of operation is simply that of a DC generator. A permanent magnet, bolted 
to the pipe, sets up a magnetic field across the pipe, and liquid metal flow cutting the lines 
of force generates a voltage within itself. This voltage is picked up by a pair of electrodes 
fastened to the pipe in a plane which is at right angles to both that of flow and that of the 
magnetic field. A typical installation is shown in Fig, 2.7.13. 

The following equation, derived by Elrod,° checks very closely with experimental re- 
sults: 


a eee! Sed 
Ll eh ee 
D WwW 


where E = output in volts 
B = magnetic field strength in gauss 
d = pipe ID in cm 
D = pipe OD in cm 
Py = resistivity of fluid 
Py = resistivity of pipe material 
v = velocity in cm/sec 


Fig. 2.7.13——Magnetic Flowmeter. Submitted by Knolls Atomic Power 
Laboratory, Sept. 8, 1952. 


There are some problems and uncertainties associated with the use of the magnetic 
flowmeter. Wetting of the pipe surface is of vital importance in obtaining good flow meas- 
urement. It has been shown, however, that once a pipe has been initially brought up to 
wetting temperature, it remains wetted down to temperatures considerably below this 
value. Magnetic flowmeters are slightly affected by temperature of operation. 

Another difficulty is that stainless steel is not a completely homogeneous material. 

Even though stainless-steel lead-wire may be used for electrodes, it may differ sufficiently 
from the pipe material to produce thermal emfs of sufficient magnitude to materially af- 
fect the indication. This difficulty has been solved by using electrodes made from the pipe 
material itself for electrodes, although even here thermal emfs have been detected. 

There appears to be a limit on the physical size of a permanent magnet commensurate 
with a predictable accuracy. Since the practical application of the flowmeter depends upon 
a rather high flux density (and a uniform one), the size of the yoke and the cross-sectional 
area of the magnet increase tremendously as the air gap (pipe size) is increased. Attempts 
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are currently being made to resolve these problems for an 8-in.-pipe installation. It would 
seem that this approaches the practical size limitation. 

Another uncertainty is the effect of .radiation exposure on permanent magnets. Testing 
is currently under way to determine the magnitude of this effect. 


LIQUID-LEVEL INDICATORS 


Almost any conventional or commercially available liquid-level measuring device can be 
used for liquid metals in stationary plants if it can be adapted to meet the stringent re- 
quirements for leak tightness and temperature insensitivity. 

A level-measuring instrument of the “resistance” type has been developed. A simple 
stainless-steel probe is immersed directly in sodium, and its resistance is measured as 
a function of level (Fig. 2.7.14). While the relationship between level and resistance 
(actually voltage is measured using a constant current source) is not linear, it is re- 
producible, and the effects of temperature can be calibrated. A curve showing the re- 
producibility and the general relationship between level and resistance for a test installa- 
tion is shown in Fig. 2.7.15. 
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Fig. 2.7.14-—Resistance-type Liquid-level Indicator. Submitted by Knolls 
Atomic Power Laboratory, Sept. 8, 1952. 
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An “impedance” type unit has been developed which shows promise for stationary appli- 
cations; further work, however, is necessary to improve reliability and reduce tempera- 
ture dependence. This unit is described in the second edition of The Liquid-Metals Hand- 
book. 


80 


7OP*e 
© Decending Level 


he A Ascending Level 


60 


C, 


90 


40 


LEVEL, in. 


30 


20 


O 0.00 | 0.002 0.003 0.004 0.005 0.006 
RESISTANCE, ohms 


Fig. 2.7.15 —Level in Inches as a Function of Resistance for a Liquid-level- 
indicator Test-installation. Submitted by Knolls Atomic Power Laboratory, 
Sept. 8, 1952. 
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AUTHORS’ PREFACE 


It is the primary objective of the authors in preparing this section to make conveniently 
available data on the physical properties of gases usable for reactor cooling. Empirical 
equations, which have been developed for predicting heat transfer and pressure drop under 
conditions which are likely to be encountered in the physical situations best suited for re- 
actor internal-surface configurations are also presented. This information has been in- 
corporated in Chapters 3.3 and 3.4. 

Other objectives were to outline the general distinctive characteristics of gas-cooled re- 
actors (Chapter 3.1), to indicate the thermodynamic cycle systems in which it is possible 
to operate with such reactors (Chapter 3.2), to present information on fuel-element de- 
sign (Chapter 3.5), to describe the feasible fuel loading configurations, gas passage shapes, 
and gas distribution within the reactor which lead to maximum net-power output (Chapter 
3.6), to indicate the basis for choice of certain types of gases for reactor cooling (Chapter 
3.7), and to present in outline form the factors which are involved in the solution of prob- 
lems which arise in connection with the disposal of radioactivity in the gas streams leav- 
ing nuclear reactors (Chapter 3.8). 

It may be possible in future editions of this section to provide more fundamental infor- 
mation on optimizing the various independent design factors. On the other hand, each 
gas-cooled reactor designed to date has had its own peculiarities and requirements; opti- 
mizing reactor weight, size, coolant flow area, and fuel-element dimensions (to mention 
only a few of the variables involved) has been and may yet continue to be based to some 
degree on a combination of intuitive judgment, past experience, and engineering funda- 
mentals rather than on a set of detailed correlations of limited applicability. 

The information in this Section is based upon data available up to about mid-1952. 

The authors wish to acknowledge the assistance of the following people in the preparation 
and evaluation of the material presented in Volume 2, Section 3, Gas-Cooled System: A. 
Amorosi, ANL; E. J. Boyle, ORNL; J. Chernick, BNL; J. A. Cox, ORNL; Farrington 
Daniels, Allis Chalmers; R. W. Dayton, BMI; R. G. Deissler, NACA; L. Emlet, ORNL; H. 
Etherington, ANL; L. A. Evers, NACA; A. E. Focke, GE; E. F. Fricke, ANL; L. V. Humble, 
NACA; C. Lankton, GE; A. L. London, Stanford Univ.; W. H. Lowdermilk, NACA; S. V. 
Manson, NACA; R. L. Mela, NDA; E. W. Sams, NACA; E. Schmidt, GE; C. Starr, NAA; 
W.B. Thomson, GE; and G. Thornton, GE. 

Valuable assistance was also given by M. L. Barad, HW, in reviewing Chap. 3.8: and by 
W. H. McAdams, MIT, and T. B. Drew, Columbia, in reviewing Chap. 3.4. 

We also wish to acknowledge the assistance given by the following groups at Brookhaven 
National Laboratory: Technical Information, Libraries, Photography, Duplicating, and the 
Secretarial Staff of the Nuclear Engineering Department. We wish to express our gratitude 
to the following: G. Cox, J. Garfield, J. Herod, D. Puleston, M. Waisman, and all our other 
associates at BNL who helped with this section. 


E. I, Goodman* and W. R. Paget 


*Present address, Nuclear Science and Engineering Corporation, Pittsburgh, Pa. 
Present address, Dewey & Almy Chemical Company, Cambridge, Mass. 
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CHAPTER 3.1 


General Reacror Characteristics 


Gas coolants for reactors provide certain advantages over liquids for some applications. 
Air is a convenient low-neutron-cross-section coolant for unenriched experimental reac- 
tors. Helium has potential application at high pressure as an inert, high-conductivity, low- 
neutron-cross-section coolant where the temperatures of the fuel elements and exhaust- 
ing helium can be such as to provide high thermodynamic efficiency in a gas-turbine cycle. 

However, compared with liquids, gas coolants are characterized by low volume heat ca- 
pacity and low heat-transfer coefficients. For this reason, when used for land-based 
power reactors, they require larger flow passages through the reactor and higher fuel- 
element temperatures for a given reactor heat output and coolant pumping power than do 
liquids. Generally, these factors do not permit very compact reactor designs because of 
(1) the increase in the size of the reactor itself and (2) the comparatively large gaps re- 
quired to allow the gas to pass through the shield. In some applications, the first disad- 
vantage may be offset by simplifying the external heat-removal system; the second is also 
compensated for to some extent by the low volumetric neutron cross section of the gas. 
Since the coolant pressure drop varies inversely as the flow area to the 2.5 power,' a 
satisfactory design is possible. Another factor which helps to offset the poor heat-transfer 
characteristics of the gas is the chemical inertness of such coolants as helium, which per- 
mits the fuel elements to operate at a higher temperature than with liquid metal coolant. If 
this higher permissible temperature is used to obtain an increased temperature rise in the 
coolant by reducing the coolant flow rate, a considerable reduction in pumping power can 
be obtained, since the pumping power varies inversely as the cube of the coolant tempera- 
ture rise for a given level of reactor power. By such techniques as pressurizing the gas 
and increasing the flow area and the allowable fuel-element temperature, the fraction of 
total reactor heat output expended as pumping power can be reduced to a tolerable value. 

A comparison of pumping-power requirements for the same flow cross section but with 
the use of a higher gas-coolant temperature rise and high gas pressures is shown in 
Fig. 3.1.1. 

Figure 3.1.2 illustrates the advantage of high helium-exhaust temperature for a gas- 
turbine cycle. The efficiency given is over-all and takes into account the power required 
for recompressing the coolant. 

Because high pressures are required to generate a significant amount of net power in a 
gas-cooled reactor, a leak-proof circulating system must be maintained and the amount of 
radioactivity in the coolant must be kept to a minimum. Considerable effort has been ex- 
pended on design with these considerations in mind (see Chapters 3.6 and 3.8). Because a 
higher fuel-element temperature must be maintained with gas-cooled reactors than with 
liquid-cooled reactors to obtain an equivalent thermodynamic efficiency, fuel elements 
must be fabricated to withstand very high temperatures under irradiation without rupture, 
release of fission products, undue growth, creep, or warpage. This is one of the major 
concerns in the development of gas-cooled power reactors (see Chapter 3.5). 


1Reference appears at end of chapter. 
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0.01 
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HEAT OUTPUT OF REACTOR 
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Fig. 3.1.1— Comparison of Pumping -power Requirements. Sub- 
mitted by Knolls Atomic Power Laboratory, Feb. 19, 1948. Flow 
through channels 0.1 in. < 1 in. x 4 ft long; heated length = 1.5 ft; 
total pumping power = 2 < reactor pumping power. Outlet temper- 
atures: Air, 1300°F; He, 1300°F; molten metals, 950°F; H,O, 450°F. 
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OVER-ALL THERMAL EFFICIENCY, % 


800 1000 1200 1400 I600 1800 1900 
REACTOR COOLANT EXHAUST TEMPERATURE,°F 


Fig. 3.1.2—— Thermal Efficiency as a Function 
of Reactor Exhaust Temperature for a Helium- 
cooled Reactor and Gas-turbine Power Cycle. 
Submitted by the Allis-Chalmers Manufacturing 
Company, Inc., Feb. 15, 1952. 


REFERENCE 


1, Martinelli, R. C., ‘*Heat Transfer IV,’* Knolls Atomic Power Laboratory, KAPL-40, Secret, Feb. 19, 1948. 
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CHAPTER 3.2 


Thermal Cycles 


Power is extracted from the gas uf gas-cooled reactors by allowing either the hot reac- 
tor coolant or a secondary fluid, which is heated by the reactor coolant, to expand adiabati- 
cally tnrough a turbine. In the yas-turbine cycle, the gas is then cooled and recompressed 
sufficiently tu compensate for the pressure losses in the reactor and auxiliary ducting as 
weli as for the turbine pressure drop. 

The following are typical nuclear power cycles using gas as the reactor coolant: 

(1) Direct-air-cycle reactor. 

(2) Closed-cycle helium-cooled reactor. 

(3) Helium-cooled reactor using gas-turbine cycle. 

(4) Helium-cooled reactor using steam-turbine cycle. 

(5) Stationary unenriched uranium power-plant cycle (Fig. 3.2.1) 


Four of the above five cycles use gas turbines to extract all or part of the available heat 
energy directly from the gas leaving the reactors. The other cycle transfers the gas heat 
energy to boiling water which in turn drives turbines. The relative efficiencies of the 
direct (gas-turbine) and the indirect (steam-turbine) cycles have been studied in detail! 
for application in a reactor, and the results are summarized in Fig. 3.2.2. A comparison 
of the data on cycles (3) and (4) shows that for the same shaft-horsepower the gas-turbine 
cycle has a considerable weight advantage over the steam-turbine design at a reactor ex- 
haust temperature of 1100°F. The effect of gas-turbine pressure ratio on net plant thermal 
efficiency is illustrated in Fig. 3.2.3 for a cycle using both intercooler and regenerator. 
The merits of heat interchange between fluid streams at various points in the gas-turbine 
cycle are shown in Fig. 3.2.4, which presents thermal efficiencies for a simple cycle, a 
cycle with regenerator, a cycle with regenerator and intercooler, and a cycle with inter- 
cooler. The cycle with regenerator and intercooler offers significantly greater over-all 
efficiency. 

The pumping power required for cycle (5) is an appreciable fraction of the total power 
generated because a low helium pressure is required in the necessarily large unenriched- 
uranium reactor. 


‘Reference appears at end of chapter. 
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REACTOR BOILER 4 


HELIUM 
TU LoweR | — 


Fig. 3.2.1— Helium-cooled Stationary Power Reactor. Presented by Common- 
wealth Edison Company and Public Service Company of Northern Illinois, CEPS- 
1101, May 1952. 


Design Data: 
Reactor heat output, kw = 350,000 
Coolant = Helium 
Pressure, reactor outlet, psia = 148 
Pressure, reactor inlet, psia = 153 
Gas temperature, reactor outlet, °F = 700 
Gas temperature, to boiler, °F = 650 
Gas temperature, from boiler, °F = 384 
Gas temperature, reactor inlet, °F = 403 
He flow rate, lb/sec = 908 
Steam flow rate, lb/sec = 236 
Water temperature to condenser, °F = 79 
Turbine steam pressure, psig = 250 
Turbine steam temperature, °F = 525 
Turbine exhaust pressure, mm Hg = 1 
Gross power, electric, kw = 67,300 
Auxiliary power, electric, kw = 15,000 
Auxiliary power, steam, kw (equiv) = 12,000 
Net power available for system = 52,300 
Internal turbine efficiency, % = 80 
Helium blower efficiency, % = 78 
Mechanical electrical losses, % = 5 
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Fig. 3.2.2— Net Plant Efficiency vs Reactor Outlet Temperature for Closed 
Helium Gas and Steam Cycles. Reprinted from NP-3683, Jan. 1952. 
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Fig. 3.2.3—— Thermal Efficiency vs Pressure Ratio for Helium. Reprinted from 
NP-3683, Jan. 1952. Component efficiencies, %: compressor, 80; turbine, 83; 
regenerator, 75. 
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Fig. 3.2.4—— Thermal Efficiencies for Various Cycles for Helium. Reprinted 
from NP-3683, Jan. 1952. Component efficiencies, %: turbine, 82; compressor, 
80; regenerator, 50. Inlet temperatures, °F: turbine, 1350; compressor, 100. 


REFERENCE 


1. NP-3683, Allis-Chalmers Manufacturing Company, Final Report, Jan. 1952. 
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CHAPTER 3.3 


Properties of Gas Coolants 


The physical properties of air, helium, and carbon dioxide are given in detail since 
these gases have a combination of heat-transfer, nuclear, and chemical properties which 
makes them desirable as reactor coolants. (See Chap. 3.7, ‘‘“Economic Comparison of 
Gas Coolants.’’) Less complete data are also given for other gases to permit evaluation 
of design parameters in coolant comparisons. Empirical correlations of the physical 
properties are included to facilitate extrapolation of existing data on gas coolants to re- 


actor conditions. 


Property 
Density 


Entropy 
Internal energy 


Pressure 


Specific heat 
Temperature 


Thermal 
conductivity 
Viscosity 


Table 3.3.1— Conversion Factors 


Multiply 


gm/cc 

lb/cu ft 
cal/(gm)(°K) 
cal/gm 

Btu/lb 

atm 

atm 

atm 
cal/(gm)(°C) 
(°F—32) 

°C 
cal/(sec)(cm)(°C) 
Btu/(hr)(ft)(°F) 


By 


62.4 
0.0160185 
1.00 


To obtain 


lb/cu ft 

gm/cu cm 
Btu/(lb)(°R) 
Btu/lb 

cal/gm 

lb/sq in 

kg/sq cm 

mm Hg (0°C) 
Btu/ (1b) (°F) 

—C 

(°F—$32) 

Btu/ (hr) (ft)(°F) 
cal/(sec)(cm)(°C) 
poises 
gm/(sec)(cm) 
lb/ (sec) (ft) 

lb/ (hr) (ft) 
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Table 3.3.2—Viscosity of Air at 1 Atm* 


(Reprinted from ‘‘Chemical Engineers’ Handbook,’’ edited by J. H. Perry, 2d ed. 
By permission from McGraw-Hill Book Company, Inc., New York, 1941) 


T, °C 


0 
100 
200 
300 
400 
500 
600 
700 
800 
900 

1000 


*See also Tables 3.3.22 and 3.3.23 


nN, CP 


0.018 
.021 
.025 
.028 
.031 
.034 
.037 
.041 
.043 
.046 
.049 
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Table 3.3.3 — Physical Properties of Air at 10 Atm Pressure 


(B. O. Newman, Physical Properties of Heat Transfer Fluids, GI-401, Nov. 10, 1947) 


T, °F 


Density, d, Viscosity, n, Specific heat, Cp, Thermal cond., k, 
lb/cu ft lb/(hr) (ft) Btu/(lb)(°F) Btu/ (hr) (ft) (°F) 
0.863 0.0397 0.2398 0.0130 
.109 .0461 . 2403 .0157 
.602 .0520 .2412 .0182 
.023 .0577 2427 .0205 
-462 .0628 . 2449 .0228 
.413 .0680 . 2476 .0250 
371 .0730 . 2905 .0272 
.342 .0769 .2934 .0293 
.315 .0811 . 2966 .0314 
-292 .0849 .2998 .0334 
212 .0890 .2640 .0355 
.204 .0926 - 2660 .0376 


Table 3.3.4—Density of Air (Calculated) 


(C. F. Curtiss and J. O. Hirschfelder, Thermodynamic 
Properties of Air, CM-472, June 1, 1948) 


1.0 atm 


1.769 x 107? 
1.413 x 107? 
1.293 x 107? 
1.177 x 107? 
1.009 x 107° 
8.823 x 10~* 
7.841 x 107° 
7.056 x 107¢ 
5.880 x 10 
5.041 x 1074 


Density, gm/cc 


10 atm 


1.807 x 107? 
1.425 x 107? 
1.299 x 107? 
1.180 x 107? 
1.009 x 107? 
8.804 x 107° 
7,820 x 107° 
7.0384 x 107° 


5.860 x 107° 


5.023 x 107° 


100 atm 


0.2312 


1506 


0.1184 


.09909 
.08570 
.07573 
.06796 
.05655 
.04851 


Prandtl No., Np;, 
Cp n/k 


0.731 
106 
.690 
.682 
677 
.672 
.668 
-666 
.663 
.660 
.658 
.655 
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Table 3.3.5 —Entropy of Air (Calculated) 


(C. F, Curtiss and J. O. Hirschfelder, Thermodynamic 
Properties of Air, CM-472, June 1, 1948) 


Entropy, S, cal/(gm)(°K) 


100 atm 


200 1.5432 1.3815 1.1661 
250 1.5970 1.4367 1.2554 
300 1.6408 1.4813 1.3098 
350 1.6779 1.5189 1.3519 
400 1.7101 1.5514 1.3869 
450 1.7387 1.5802 1.4172 
500° 1.7644 1.6061 1,4442 
600 1.8094 1.6512 1.4905 

1.8481 1.6899 1.5300 


700 


(J. O. Hirschfelder and C. F. Curtiss, Thermodynamic Properties of 
Air, 11, CM-518, December 21, 1948) 


S—S,, cal/(gm)(°K) [Sp = 1.6191. Dry air] 
273.2 0.3314 0.2210 0.1105 0.1115 0.2268 
300 3482 2379 .1273 ae 167 —.0946 —.2098 
400 .3978 2874 1769 .0663 —.0449 —.1600 
500 4369 3265 2161 .1055 — 0058 —.1205 
600 .4699 3594 2489 .1384 +.0272 —.0871 
700 4982 .3878 2114 . 1669 .0556 — .0584 
800 .5238 .4133 .3029 1924 .0812 — 0327 
900 .5469 .4364 .3260 .2156 1044 — 0093 
1000 .9682 .4578 8473 2967 1257 +0120 
S—S,, cal/(gm)(°K) [S, = 1.6283, 0.5% moisture] 
273.2 0.3318 0.2212 0.1106 0 —0.1105 0.2202 
300 .3479 2914 . 1267 0.0161 —.0948 — .2067 
400 .3978 .2872 .1765 .0658 — 0452 —.1580 
500 .4370 .3265 .2157 .1051 —.0061 —.1192 
600 .4686 .3580 2474 .1379 + .0268 —.0863 
700 .4986 .3879 .2t73 1667 .0554 —.0577 
800 0242 .4136 .3028 .1923 0811 — 0320 
900 0474 4367 3261 2156 . 1044 — .0088 
1000 0689 4582 3476 2968 1257 + .0128 
S—8,, cal/(gm)(°K) (8, = 1.6276, 1% moisture} 
273.2 0.3323 0.2216 0.1107 0 —0.1107 —0,2206 
300 3487 .2379 .1270 0.0161 — .0949 —.2070 
400 .3986 2879 .1770 .0661 — 0452 —.1582 
500 .4379 3202 2162 .1055 — .0060 —.1193 
600 4709 .3601 2492 .1385 +.0270 —,0863 
700 .4998 3891 2781 1671 0559 — 0575 
800 9254 -4145 .3038 .1928 .0816 — 0317 
900 9487 .4379 .3at3 .2162 .1049 —.0085 
1000 .9702 .4596 .3487 cord .1263 +0132 
S—S,, cal/(gm)("K) (8, = 1.6592, 5% moisture] 
273.2 0.3376 0.2250 0.1125 0 —0.1123 —0.2237 
300 .3941 2416 .1290 0.0164 — .0963 —.2100 
400 4054 .2929 .1803 0677 — 0453 —.1599 
500 4457 3331 .2206 .1080 -.0051 —.1201 
600 4797 3671 2945 .1419 +.0289 — 0861 
700 .5090 .3964 .2839 1714 .0582 — .0567 
800 .0393 .4228 .3102 .1976 .0846 — .0303 
900 .9995 .4470 .3343 2218 . 1086 — .0063 
1000 .0816 4691 .3964 .2439 .1308 +.0160 


*do is the density of air at 1 atm pressure and 0°C 
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Table 3.3.6— Internal Energy of Air (Calculated) 


(J. O. Hirschfelder and C. F. Curtiss, Thermodynamic Properties of 


Air, II, CM-518, December 21, 1948) 
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yu, cal/gm [Dry air] 
273.2 45.767 45.765 45.756 45.712 45.492 44.394 
300 50.366 50.364 50.356 50.314 50.104 49.057 
400 67.6338 67.631 67.624 67.586 67.398 66.458 
500 85.188 85.186 85.179 85.143 84.965 84.075 
600 103.20 103.20 103.19 103.16 102.97 102.11 
700 121.74 121.74 121.73 121.70 121.53 120.68 
800 140.84 140.84 140.83 140.80 140.63 139.79 
900 160.49 160.49 160.48 160.45 160.28 159.45 
1000 180.67 180.67 180.66 180.63 180.46 179.65 
p, cal/gm [0.5% Moisture] 
273.2 36.026 36.020 36.012 35.968 35.744 34.620 
300 40.641 40.635 40.627 40.584 40.367 39.277 
400 57.958 57.953 57.945 57.912 57.7381 56.827 
500 75.566 715.562 75.554 75.523 715.348 74.470 
600 93.627 93.622 93.614 93.585 93.414 92.558 
700 112.23 112.23 112.23 112.19 112.03 111.18 
800 131.40 131.40 131.38 131.35 131.19 130.36 
900 151.11 151.12 151,11 151.09 150.92 150.09 
1000 171.38 171.37 171.37 171.34 171.17 170.36 
p, cal/gm [1% Moisture] 
273.2 26.253 26.239 26.240 26.187 25.958 24.806 
300 30.880 30.867 30.869 30.816 30.591 29.461 
400 48.250 48.238 48.239 48.200 48.027 47.160 
500 65.914 65.902 65.904 65.865 65.693 64.828 
600 84.033 84.021 84.022 83.984 83.815 82.969 
700 102.69 102.68 102.69 102.65 102.48 101.65 
800 121.92 121.92 121.92 121.88 121.72 120.90 
900 141.72 141.71 141.72 141.69 141,52 140.70 
1000 162.05 162.05 162.04 162.01 161.84 161.03 
p, cal/gm (5% Moisture] 
273.2 —53.348 —53.339 —53.359 —53.413 — 53.687 — 55.058 
300 — 48.606 — 48.597 — 48.617 — 48.677 — 48.970 — 50.433 
400 — 30.810 —30.800 —30.812 —30.836 —30.951 —31.521 
500 —12.702 —12.691 — 12.706 — 12.736 — 12.887 — 13.641 
600 + 5.886 +5.89€ +5.882 +5.850 +5.696 + 4,923 
700 25.049 25.059 25.045 25.013 24,857 24.083 
800 44.825 44.789 44.795 44.766 44.610 43.838 
900 65.141 65.150 65.145 65.116 64.961 64.188 
1000 86.052 86.045 86.052 86.023 85.866 85.098 
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Table 3.3.7—Pressure of Air (Calculated) 


p, atm 


(J. O. Hirschfelder and C. F. Curtiss, Thermodynamic Properties of 
Air, II, CM-518, December 21, 1948) 


CHAP, 3.3 


[Dry air] 


T, °K d/do = 0.008 | d/do=0.04 | d/do=0.2 | d/do=1 | d/do=5 | d/do = 25 


273.2 


300 
400 
200 
600 
700 
800 
900 
1000 


273.2 


300 
400 
200 
600 
700 
800 
900 
1000 


273.2 


300 
400 
900 
600 
700 
800 
900 
1000 


273.2 


300 
400 
500 
600 
700 
800 
900 
1000 


0.0080059 
.0087916 
.011722 
.014653 
.017583 
.020514 
.023444 
.026375 
.029305 


0.0080059 
.0087913 
.011722 
.014652 
.017583 
.020513 
.023445 
.026374 
.029306 


0.0080065 
.0087919 
.011722 
.014653 
.017584 
.020514 
.023445 
.026376 
.029306 


0.0080068 
.0087922 
.011723 
.014654 
.017584 
.020515 
.023446 
.026377 
.029307 


0.040029 
.043958 
.058611 
.073264 
.087916 
.10257 
11722 
.13187 
.14653 


0.040029 
.043957 
.058609 
.073261 
.087913 
.10257 
.11722 
.13187 
.14652 


0.040028 
.043955 
.058607 
.073259 
.087911 
.10256 
11721 
13187 
14652 


0.040035 
.043962 
.058618 
.073272 
.087926 
.10258 
.11724 
.13189 
. 14655 


0.20012 
21977 
.29308 
. 36636 
.43967 
.01294 
.08623 
.65950 
. 73278 


p, atm 


0.20013 
.21976 
.29307 
.386634 
.43966 
.91293 
.08621 
.65948 
. 13276 


p, atm 


0.20013 
.21977 
.29305 
.36635 
.43966 
.91293 
.58623 
.65951 
73281 


p, atm 


0.20015 
.21980 
.29309 
.36640 
.43967 
.91302 
.98630 
.65962 
. 13289 


1.0001 
1.0986 
1.4657 
1.8327 
2.1997 
2.5668 
2.9337 
3.3009 
3.6676 


1.0001 
1.0985 
1.4656 
1.8326 
2.1996 
2.5667 
2.9336 
3.3004 
3.6674 


1.0001 
1.0985 
1.4655 
1.8326 
2.1996 
2.5664 
2.9336 
3.3003 
3.6674 


1.0001 
1.0985 
1.4657 
1.8326 
2.1996 
2.5667 
2.9336 
3.3007 
3.6674 


4.9890 
9.4856 
71,3358 
9.1854 
11.034 
12.883 
14.732 
16.580 
18.428 


24.651 
27.245 
36.877 
46.481 
96.069 
65.650 
15.234 
84.811 
94.381 


[0.5% Moisture] 


4.9887 
9.4851 
7.3356 
9.1851 
11.033 
12.883 
14.730 
16.578 
18.427 


4.9882 
9.4846 
7.3347 
9.1840 
11.033 
12.880 
14.730 
16.577 
18.425 


4.9864 
9.4828 
7.3330 
9.1818 
11.031 
12.877 
14.726 
16.574 
18.421 


24.643 
27.236 
36.869 
46.467 
96.051 
65.636 
75.211 
84.783 
94,362 


24.635 
27.227 
36.856 
46.452 
96.039 
65.616 
75.195 
84.767 
94.332 


24.572 
27.162 
36.782 
46.366 
95.936 
65.502 
75.060 
84.624 
94.173 


[1% Moisture] 


[5% Moisture] 
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Table 3.3.8— Composition of Air at Sea Level 


(C. F. Curtiss and J. O. Hirschfelder, Thermodynamic 
Properties of Air, CM-472, June 1, 1948) 


Component Fraction by volume 
No 0.780881 
O, .209495 
A .009300 
co, .000300 
Ne .000019 
He .000005 
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Table 3.3.9 — Specific Heat of Air at Constant Volume (Calculated) 


(J. O. Hirschfelder and C. F. Curtiss, Thermodynamic Properties of 
Air, I, CM-472, June 1, 1948) 


c,, cal/(mole)(°C) 


ase [eae | eae 


200 4.9582 9.0100 6.5830 
250 4.9603 4.9884 9.4732 
300 4.9708 4.9845 9.1985 
350 4.9936 5.0041 9.1149 
400 5.0296 9.0368 9.1003 
450 5.0791 9.0850 9.1241 


[Dry air] 


CHAP. 3.3 


(J. O. Hirschfelder and C. F. Curtiss, Thermodynamic Properties of Air, I, 
CM-518, December 21, 1948) 


T, °K d/do* = 0.008 | d/do=0.04 | d/do=0.2 | d/do=1 | d/do=5 | d/do = 25 
500 0.1777 0.1777 0.1777 0.1777 0.1777 0.1780 
600 1827 1827 .1827 . 1828 .1828 ° .1830 
700 . 1883 .1883 .1883 . 1883 . 1883 . 1884 
800 .1938 .1938 .1938 .1938 .1938 .1939 
900 .1993 .1993 .1993 .1993 .1993 .1995 

1000 .2043 2044 2044 2044 .2043 .2044 

c,, cal/(gm)(°C) [0.5% Moisture] 
500 0.1782 0.1782 0.1782 0.1782 0.1783 0.1783 
600 . 1833 .1833 .1833 .1833 .1833 1835 | 
700 .1889 -1885 .1889 .1889 .1889 .1891 
800 1944 1945 .1945 1945 1945 1946 
900 .2000 .1999 .2001 .2001 .2000 .2001 
1000 2052 2050 .2050 .2050 2051 2052 
cy, cal/(gm)(°C) (1% Moisture] 
500 0.1787 0.1787 0.1787 0.1787 0.1787 0.1786 
600 .1838 .1839 . 1839 .1839 .1839 1841 
700 .1895 .1895 .1895 .1896 .1896 .1897 
800 1952 1952 .1952 .1953 1952 .1953 
900 .2008 .2008 2007 .2008 . 2007 .2008 
1000 .2058 .2058 .2058 .2058 . 2056 2059 
cy, cal/(gm)(°C) (5% Moisture] 
500 0.1833 0.1833 0.1833 0.1832 0.1828 0.1809 
600 . 1887 .1887 . 1887 .1887 . 1887 . 1887 
700 .1948 1945 .1946 . 1946 .1946 .1946 
800 2005 .2005 .2006 .2006 .2006 .2006 
900 2062 2064 . 2064 2064 .2064 . 2064 
1000 2118 2116 .2118 2117 2117 2117 


cy, cal/(gm)(°C) 


*do is the density of air at 1 atm pressure and 0°C 


[Dry air] 
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Table 3.3.10—Specific Heat of Air at Constant Pressure (Calculated) 


(J. O. Hirschfelder and C. F. Curtiss, Thermodynamic Properties of Air, I, CM-472, 
June 1, 1948) 


Cp, cal/(mole)(°C) [Dry air] 


200 6.9694 17,2532 16,264 

250 6.9619 17,1224 9.3501 
300 6.9675 7.0662 8.1454 
350 6.9873 7.0572 7.7078 
400 7.0216 7.0721 7.5138 
450 7.0699 7.1086 7.4316 


(J. O. Hirschfelder and C. F. Curtiss, Thermodynamic Properties of Air, II, 
CM-518, December 21, 1948) 


Cp, cal/(gm)(°C) [Dry air] 


T, °K d/do* = 0.008 | d/do =0.04 | d/do =0.2 d/do = 25 
500 0.2463 0.2463 0.2463 0.2465 0.2472 0.2510 
600 2913 2913 .2913 .2915 .2921 .2092 
700 .2069 .2569 .2069 .2069 ~2079 .-2600 
800 2624 -2624 .2624 2624 -2629 .2651 
900 .2679 2679 . 2679 -2679 .2683 2104 

1000 2729 .2730 2730 .2730 2133 2751 

Cp, cal/(gm)(°C) [0.5% Moisture] 
500 0.2469 0.2469 0.2470 0.2471 0.2479 0.2515 
600 .2020 .2520 .2521 2022 .2927 .2008 
700 2577 .2073 .2577 .2978 .2082 .2609 
800 .2631 .2632 .2633 .2634 .2638 .2659 
900 2687 .2686 . 2689 .2689 2692 2112 
1000 .2740 2137 2139 .2738 2142 .2760 

Cp, cal/(gm)(°C) (1% Moisture] 
500 0.2476 0.2476 0.2476 0.2477 0.2485 0.2519 
600 *,2527 .2928 .2928 .2929 ~20935 .2965 
700 2084 .2983 2084 2086 2091 .2616 
800 2641 .2640 2641 2643 2646 .2668 
900 2697 .2697 . 2696 .2698 .2700 .2720 
1000 2T47 2t47 2146 2t 47 2149 2768 

Cp, cal/(gm)(°C) [5% Moisture] 
500 0.2532 0.2532 0.2533 0.2533 0.2536 0.2554 
600 .2086 2086 .2987 .2088 .2094 2623 
700 2647 .2645 . 2646 .2647 .2651 -2677 
800 2705 2705 .2106 2706 27il .2732 
900 2161 .2763 .2164 2164 2768 2187 
1000 2817 2815 2817 2817 .2820 . 2836 


*do is the density of air at 1 atm pressure and 0°C 
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Table 3.3.11 —Ratio of Specific Heats of Air (Calculated) 


(J. O. Hirschfelder and C. F. Curtiss, Thermodynamic 
Properties of Air, I, CM-472, June 1, 1948) 


200 1.4056 
250 1.4035 


1.4477 


1.4278 


100 atm 


2.4706 
1.7083 


(J. O. Hirschfelder and C. F. Curtiss, Thermodynamic Properties of 
Air, II, CM-518, December 21, 1948) 


T, °K d/do* = 0.008 | d/do=0.04 | d/do=0.2 | d/do=1 | d/do=5 | d/do =25 
@ 


273.2 1,409 1,409 1.409 1.412 1.422 1,444 
300 1.406 1.406 1.406 1.409 1.418 1.440 
400 1.396 1.396 1.396 1.398 1.404 1.425 
500 1.386 1.386 1.386 1.387 1.391 1.410 
600 1.376 1.376 1.376 1.376 1.379 1.395 
700 1.365 1.365 1.365 1.365 1.368 1,380 
800 1.354 1.354 1.354 1.354 1.357 1.367 
900 1.344 1.344 . 1.344 1.344 1,346 1.356 
1000 1.336 1.336 1.336 1.336 1.338 1,346 
Y = Cp/Cy [0.5% Moisture] 
273.2 1.411 1.411 1,409 1.412 1.418 1.453 
300 1.408 1.408 1.406 1.409 1.415 1.448 
400 1.397 1.397 1.396 1.398 1.403 1.429 
500 1.386 1.386 1.386 1.387 1.391 1.411 
600 1.375 1.375 1.376 1.376 1.379 1.394 
700 1.364 1.365 1.364 1.365 1.367 1.380 
800 1.354 1.353 1.354 1.354 1.356 1.367 
900 1.344 1.344 1.344 1.344 1.346 1.356 
1000 1.335 1.335 1,336 1,336 1.337 1.345 
Y¥ = Cy/Cy {z% Moisture] 
273.2 1.411 1.411 1.411 1.411 1.418 1.459 
300 1.408 1.408 1.408 1.408 1.415 1.453 
400 1.397 1.397 1,397 1.397 1.403 1.431 
500 1.386 1.386 1.386 1.386 1.391 1,411 
600 1,375 1.375 1.375 1.375 1,379 1.393 
700 1.364 1.363 1.364 1.364 1.367 1.379 
800 1.353 1.353 1.353 1.353 1.356 1.366 
900 1,343 1.343 1.343 1.344 1.345 1.355 
1000 1.335 1.335 1,334 1.335 1.337 1.345 
Y = Cp/Cy (5% Moisture] 
273.2 1.403 1,407 1,407 1.408 1.417 1.462 
300 1,401 1,404 1.404 1.405 1.414 1.456 
400 1.392 1.393 1.393 1.394 1,401 1,434 
500 1.382 1.382 1.382 1.383 1.388 1.412 
600 1,371 1.371 1.371 1.372 1.375 1.390 
700 1.359 1.360 1.360 1.360 1.362 1.376 
800 1.349 1.349 1,349 1.349 1.352 1.362 
900 1.339 1.339 1,339 1.339 1.341 1.350 
1000 1.330 1.330 1.330 1.331 1.332 1.340 


Y= Cp/&y 


*do is the density of air at 1 atm pressure and 0°C 


[Dry air] 
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Fig. 3.3.2 — Physical Properties of Air, Submitted by Oak Ridge National Laboratory, April 1949. 
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Table 3.3.12— Physical Properties of Helium at 10 Atm Pressure 
(B. O. Newman, Physical Properties of Heat Transfer Fluids, GI-401, Nov. 10, 1947) 


Density, d, Viscosity, n, Specific heat,* cp, Thermal cond.,f k, Prandtl No., Np., 
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TF Ib/cu ft lb /(ft)(hr) Btu/‘(1b)(°F) Btu/(ft)(hr) (°F) Cpn/K 
32 0.1117 0.0457 1,248 0.083 0.687 
100 .0974 .0495 1.248 .090 .687 
200 .0827 .0555 1.248 .100 .687 
300 .0718 .0605 1,248 .110 .686 
400 .0635 .0653 1.248 .119 .684 
500 .0569 .0700 1.248 .128 .682 
600 .0516 .0743 1.248 .136 .679 
700 .0475* .0780 1,248 .145 .675 
800 .0430* .0821 1.248 .153 671 
900 .0399* .0859 1.248 .160 .667 
1000 .0373* .0889 1.248 .167 .662 
1100 .0351* .0918 1,248 .175 .656 
* Extrapolated 
+ Atmospheric pressure 
Table 3.3.13— Thermodynamic Properties of Helium 
(S. W. Akin, Thermodynamic Properties of Helium at High Pressures 
and Temperatures, NP-124, May, 1947) 
0°F 100 200 300 400 500 600°F 
Pressure, 
psia Property*  255.38°K 310.94 366.49 422.05 477.60 933.16 988.72°K 
14.696 Vv 83.971 102.23 120.487 138.743 157.00 175.258 193.515 
d .0119088 .0097820 .0082997 .0072076 .0063694 .0057059 .0051676 
h 577.92 707.73 827.56 952.38 1077.20 1202.02 1326.83 
s 6.5965 6.8421 7.0472 7.2233 7.3776 7.5149 7.6386 
50 v 24.717 30.085 35.451 40.817 46.183 51.549 56.915 
d .040457 .033239 .028208 .024500 .021653 .019399 .017570 
h 578.26 703.08 827.90 952.72 1077.54 1202.36 1327.18 
s 5.9885 6.2342 6.4393 6.6153 6.7697 6.9070 7.0307 
150 Vv 8.2735 10.063 11.8522 13.6407 15.4293 17.2183 19.008 
d .120868 .099372 .084372 .073310 .064812 .058078 .052610 
h 579.25 704.08 828.91 953.73 1078.55 1203.37 1328.19 
s 5.4429 5.6886 5.8937 6.0698 6.2241 6.3614 6.4852 
400 Vv 3.1347 3.8062 4.4775 5.1487 5.8197 6.4905 7.1616 
d .31901 .26273 .22334 .194225 .171831 .154072 . 139633 
h 581.72 706.58 831.42 956.24 1081.06 1205.88 1330.70 
s 4.9555 §.2013 5.4065 5.5827 §.7371 §.8744 5.9981 
600 Vv 2.1067 2.5546 3.0023 3.44995 3.8973 4.3449 4.7923 
d .47468 .39146 .33308 . 28986 .25658 .23016 . 20867 
h 583.60 708.49 833.33 958.15 1082.97 1207.79 1332.61 
s 4.7539 4.9998 5.2050 §.3813 5.5357 5.6730 5.7968 
900 Vv 1.4211 1.7200 2.0187 2.3173 2.6157 2.91399 3.2124 
d .70369 .58139 £49537 .43154 .38230 .34317 .31129 
h 585.09 710.29 835,38 960.40 1085.42 1210.42 1335.36 
Ss 4.5521 4.7981 5.0035 5.1797 5.3342 5.4715 5.5953 
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Pressure, 
psia 


1500 


2500 


4000 


6000 


Property* 


ner o& < nr a < nor & < 


ner & < 


0°F 


255.38°K 


.87224 
1.14647 
990.08 
4.2974 


.04224 
1.84420 
998.60 
4.0420 


.39974 
2.8110 
610.24 
3.8058 


.29126 
3.9800 
625.80 
3.6017 


Table 3.3.13 — Continued 


100 
310.94 


1.05192 
.95064 
715,54 
4.5437 


.65044 
1.53741 
124,37 
4.2887 


42377 
2.3998 
736.48 
4.0531 


.29696 
3.3675 
752.49 
3.8385 


200 


366.49 


1.2314 
.81207 
840.77 
4.7475 


.15847 
1.31845 
849.73 
4.4928 


.49161 
2.0341 
862.24 
4.2576 


.384253 
2.9195 
878.58 
4.0535 


*v = cu ft/lb; d = lb/cu ft; h = Btu/Ib; s = Btu/(lb)(°F). 


300 


422.05 


1.4108 
. 10880 
965.88 
4.9257 


.86635 
1.15427 
974.95 
4.6712 


.99932 
1.78789 
987.70 
4.4363 


.38796 
2.9776 
1004.32 
4.2327 


400 


477.60 


1.58994 
.62897 
1090.92 
9.0801 


.97410 
1.02659 
1100.10 
4.8258 


.62694 
1.59503 
1113.12 
4.5912 


.43325 
2.3081 
1129.96 
4.3879 


900 


933.16 


1.7690 
.96528 
1215.94 
9.2176 


1.08176 
.92442 
1225.22 
4.9634 


69444 
1.44000 
1238.46 
4.7287 


.47849 
2.0899 
1255.54 
4.5259 


CHAP. 3.3 


600°F 
988.72°K 


1.9483 
.91328 
1340.97 
9.3414 


1.18947 
.84071 
1350.29 
5.0873 


.76191 
1.31248 
1363.73 
4.8530 


.02369 
1.9095 
1381.03 
4.6503 


Table 3.3.14——Impurities in Grade A (99.99%) Helium 


(W. M. Deaton, U. S. Bureau of Mines, 
Personal Communication, 1952) 


Concentration, 

Impurity ppm (by weight) 
H, 5 
H,O 45 
Air 73 
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Fig. 3.3.3 — Physical Properties of Helium. Submitted by the General Elec- 
tric Company, November 1947. 
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Fig. 3.3.4 — Temperature-Entropy Diagram for Helium. Submitted by the 
General Electric Company, May 1947. 
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OF GAS COOLANTS 


PROPERTIES 
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Fig. 3.8.5 — Physical Properties of Carbon Dioxide. Submitted by Oak Ridge National Laboratory, April 1949. 
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Table 3.3.16—Properties of Gas Coolanis Listed in the International Critical Tables 


Thermal 
Density Specific heat Viscosity conductivity 
es TE, NET, (rte tee 
Gas Volume Page Volume Page Volume Page Volume Page 
Helium 3 3 1 102 5 2 +) 213,214 
Carbon 
dioxide 3 3,11 7 243 5 4 5 214,215 
Air 1 102 1 103 1 102 2 312 
2 312 5 80,81 
3 3 


Table 3.3.17 —Viscosities of Gases 


(Reprinted from ‘‘ Chemical Engineers’ Handbook,’’ edited by J. H. Perry, 3rd ed. 
By permission from McGraw-Hill Book Company, Inc., New York, 1950) 


Gas x* Y* Gas x* Y* 
Acetic acid 7.7 14.3 Freon-113 11,3 14.0 
Acetone 8.9 13.0 Helium 10.9 20.5 
Acetylene 9.8 14.9 Hexane 8.6 11.8 
Air 11.0 20.0 Hydrogen 11,2 12.4 
Ammonia 8.4 16.0 3H, + 1N, 11.2 17.2 
Argon 10.5 22.4 Hydrogen bromide 8.8 20.9 
Benzene 8.5 13.2 Hydrogen chloride 8.8 18,7 
Bromine 8.9 19.2 Hydrogen cyanide 9.8 14.9 
Butene 9.2 13.7 Hydrogen iodide 9.0 21.3 
Butylene 8.9 13.0 Hydrogen sulfide 8.6 18.0 
Carbon dioxide 9.5 18.7 Iodine 9.0 18.4 
Carbon disulfide 8.0 16.0 Mercury 9.3 22.9 
Carbon monoxide 11.0 20.0 Methane 9.9 15.5 
Chlorine 9.0 18.4 Methyl alcohol 8.5 15.6 
Chloroform 8.9 15.7 Nitric oxide 10.9 20.5 
Cyanogen 9.2 15.2 Nitrogen 10.6 20.0 
Cyclohexane 9.2 12.0 Nitrosyl chloride 8.0 17.6 
Ethane 9.1 14.5 Nitrous oxide 8.8 19.0 
Ethyl acetate 8.5 13.2 Oxygen 11.0 21.3 
Ethyl alcohol 9.2 14.2 Pentane 7.0 12.8 
Ethyl chloride 8.5 15.6 Propane 9.7 12.9 
Ethyl ether 8.9 13.0 Propyl alcohol 8.4 13.4 
Ethylene 9.5 15.1 Propylene 9.0 13.8 
Fluorine 7.3 23.8 Sulphur dioxide 9.6 17.0 
Freon-11 10.6 15.1 Toluene 8.6 12.4 

' Freon-12 11.1 16.0 2,3,3-trimethylbutane 9.5 10.5 
Freon-21 10.8 15.3 Water 8.0 16.0 
Freon-22 10.1 17.0 Xenon 9.3 23.0 


* Coordinates for use with Fig. 3.3.8 
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Table 3.3.18—Thermal Conductivities of Gases and Vapors 


(Reprinted from ‘‘Heat Transmission,’’ by W. H. McAdams, 2d ed. By permission 
from McGraw-Hill Book Company, Inc., New York, 1942) 


[The extreme temperature values given constitute the experimental range. For extrapolation to other temper- 
atures, it is suggested that the data given be plotted as log k vs. log T, or that use be made of the assumption that 
the ratio C,n/k is practically independent of temperature (or of pressure, within moderate limits).] 


Substance T, °F _ k, Btu/(hr)(ft)(°F) Substance T, °F _ k, Btu/(hr)(ft)(°F) 
Acetone! 32 0.0057 Dichlorodifluoromethane 32 0.0048 
115 0074 122 0064 
212 0099 212 .0080 
363 0147 302 0097 
Acetylene® —103 0.0068 Ethane? ’® —94 0.0066 
+32 0108 —29 0086 
122 .0140 +32 0106 
212 0172 212 0175 
Air! —148 0.0095 Ethyl acetate! 115 0.0072 
+32 0140 212 .0096 
—212 0183 363 0141 
392 0226 
572 0265 Ethyl alcohol! 68 0.0089 
212 0124 
Ammonia’ —16 0.0095 
+32 0128 Ethyl chloride! 32 0.0055 
122 0157 212 0095 
212 0185 363 0135 
413 0152 
Benzene! 32 0.0052 
115 .0073 Ethyl ether! 32 0.0077 
212 .0103 115 .0099 
363 0152 212 0131 
413 0176 363 0189 
413 0209 * 
Butane (n-)® 32 0.0078 Ethylene? —96 0.0064 
212 0135 +32 0101 
Butane (iso-)® $2 0.0080 122 0.0131 
212 0139 212 0161 
Carbon dioxide‘ —58 0.0068 Heptane (n-)! 392 0.0112 
+32 0085 212 0103 
212 0133 
392 .0181 Hexane (n-)? 32 0.0072 
572 .0228 68 0080 
Carbon disulfide? 32 0.0040 Hexene! 32 0.0061 
45 .0042 212 .0109 
Carbon monoxide? »® —312 0.0041 Hydrogen —148 0.065 
—294 0046 —58 083 
+32 .0135 +32 100 
122 115 
Carbon tetrachloride’ 115 0.0041 212 0.129 
212 .0052 572 178 
363 0065 
Chlorine® 32 0.0043 Hydrogen and carbon 32 
Chloroform? 32 0.0038 dioxide’ 
115 0046 0% H, 0.0083 
212 .0058 20% .0165 
363 0077 40% .0270 
60% .0410 
80%, .0620 
Cyclohexane 216 0.0095 100% 10 
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Table 3.3.18—(Continued) 


Substance T, °F _ k, Btu/(hr)(ft)(°F) Substance T,°F _ k, Btu/(hr)(ft)(°F) 
Hydrogen and nitrogen’ 32 Nitric oxide” 94 0.0103 
0% H, 0.0133 +32 0138 
20% .0212 
40% .0313 
60% .0438 Nitrogen? »® —148 0.0095 
80% .0635 +32 .0140 
122 .0160 
Hydrogen and nitrous oxide!’ 32 212 .0180 
0% H, 0.0092 
20% 0170 Nitrous oxide? »® —98 0.0067 
40% -0270 +32 ,0087 
60% -0410 212 0128 
80% .0650 
9 
Hydrogen sulfide 32 58 0119 
6 0 32 .0142 
Mercury 392 0.0197 122 ‘0164 
Methane?»3,5 ~148 0.0100 212 -0185 
—58 .0145 
+82 0175 Pentane (n-)! +3 32 0.0074 
122 .0215 68 0083 
Pentane (iso-)! 32 0072 
Methy] alcohol! 32 0.0083 212 0127 
212 .0128 
; Propane* 32 0.0087 
Methy] acetate 32 0.0059 212 0151 
68 .0068 
Methy] chloride! 32 .0053 
115 0072 Sulfur dioxide® 32 0.0050 
212 0094 212 .0069 
363 .0130 
413 0148 Water vapor!>5-16,11 115 0.0120 
212 .0137 
Methylene chloride! 32 0.0039 392 0187 
115 .0049 572 .0248 
212 .0063 152 0315 
413 .0095 932 0441 


*1. Moser, Dessertation, Berlin, 1913. 

*2. Eucken, A., Physik, Z., 12: 1101-1107 (1911); 14; 324 (1913). 

3. Mann, W. B., and B. G. Dickens, Proc. Roy. Soc. (London) A 134: 77-96 (1931). 
4. Sherrat, G. G., and E. Griffiths, Phil. Mag., 27: 68-75 (1939). 

5. Chilton, T. H., and R. P. Generaux, personal communication, 1940. 

6. “International Critical Tables,’’ McGraw-Hill Book Company, New York, 1929. 
7. Ibbs, T. L., and A. A. Hirst, Proc. Roy. Soc. (London), A 123: 134-142 (1929). 
8. Dickens, B. G., Proc. Roy. Soc. (London), A 143: 517-540 (1934). 

9. Gregory, H. 8., and J. H. Marshall, Proc. Roy. Soc. (London), A 118: 594 (1928). 
0. Milverton, S. W., Proc. Roy. Soc. (London), A 150: 287 (1935). 

11. Vargaftik, N., and J. Timrot, J. Tech. Phys. (USSR) 9: 963-970 (1939). 


*Data from Eucken and Moser are measurements relative to air. Data in this table 


from these sources are based on the thermal conductivity of air at 32°F of 0.140 Btu/(hr) 
(sq ft) (deg F per ft). 
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O 1000 2000 3000 4000 5000 
TEMPERATURE ,°F 


Fig. 3.3.6 — Specific Heat Ratio vs Temperature for Air, CO,, H,, H,O, CHy, 
C,H,, N,, O,. Submitted by Clinton Works, May 29, 1947. 
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40 


On 


3.0 


¢, SPECIFIC HEAT =Btu/(Ib)(°F) 
2.0 


ACETYLENE Q 860—O 14 
ACETYLENE 0 
1000 ACETYLENE 3 2 ae 0.6 
AMMONIA 
1200 AMMONIA O17 
CARBON DIOXIDE 
CARBON MONOXIDE 
1400 CHLORINE 32- 390 | Oo 18 20 —-0.4 
CHLORINE 0 4 2 O 
ETHANE O 
oo) 8 emia % 
ETHYLENE 32— 390 22 230 8 a 03 
ETHYLENE | O 
1800 ETHYLENE 1110-2550 
FREON -I1(CCisF) 32- 300 
FREON - 21 (CHCleF) 32- 300 
2 000 FREON- ~22(CHCI Fp) 32- 300 as 
FREON-113(CClgF=COIR, 32- 300 32 aI 
2 200 HYDROGEN 1110-2550 o 
HYDROGEN BROMIDE O 
HYDROGEN CHLORIDE 33 
2.400 HYDROGEN FLUORIDE 5 
HYDROGEN IODIDE 
HYDROGEN SULFIDE | 340 
2600 HYDROGEN SULFIDE 
ME THANE 35 
METHANE 0. 


METHANE 

NITRIG OXIDE 32-1290 0.09 
NITRIC OXIDE 

NITROGEN 36 0.08 
OXYGEN 

OXYGEN 0 0.07 
SULFUR 570-2550 

SULFUR DIOXIDE 32- 750 

SULFUR DIOXIDE | 750-2550 

WATER 32-2550 


Fig. 3.3.7 — True Specific Heats of Gases and Vapors at 1 atm Pressure. Re- 
printed from ‘‘Heat Transmission,’’ by W. H. McAdams, 2d. ed. By permission from 
McGraw-Hill Book Company, Inc., New York, 1942. Draw a straight line be- 

tween point as given in table and required temperature. Intersection of this 

straight line with right hand scale is desired specific heat. 
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TEMPERATURE VISCOSITY 
°C (OF Cp 
-100 0.1 
0.09 
~100 0.08 
0.07 
0.06 
O 
0 0.05 


100 
0.04 
a0 200 
0.03 
300 
200 400 
0.02 
500 
300 
600 
700 
400 
800 
900 
SOC 
1000 a 
- 100 0.009 
1200 0.008 
700 1300 
0.007 
1400 6 
800 1500 0 2 4 6 8 0© 2 4 6 18 anes 
1600 x 
1700 
1000 1800 0.005 


Fig. 3.3.8 — Viscosities of Gases and Vapors at 1 atm Pressure. Reprinted 
from ‘‘Heat Transmission,’’ by W. H. McAdams, 2d. ed. By permission from 
McGraw-Hill Book Company, Inc., New York, 1942. Draw a straight line be- 
tween point (coordinates of point given for materials in Table 3.3.17) and 
required temperature. Intersection of this straight line with right hand scale 
is desired viscisity. 
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7) pt 
%) 1, 


VISCOSITY RATIO 


pe =VISCOSITY 
T rst =VISCOSITY AT GIVEN TEMPERATURE BUT 


AT LOW PRESSURE 
= STATIC PRESSURE 
DG =CRITIGAL PRESSURE < 


T <ABSOLUTE TEMPERATURE / 
Tg =CRITICAL_ TEMPERATURE, 
B y- ABSOLUTE, 
C CG 
PA f 


06 O08 1.0 2.0 
REDUCED PRESSURE , Pa= 


CHAP. 3.3 


Fig. 3.3.9—Effect of Pressure on Viscosities of Gases at Several Tempera- 
tures. Reprinted from ‘‘Heat Transmission,’ by W. H. McAdams, 2d ed. By 
permission from McGraw-Hill Book Company, Inc., New York, 1942. Data from 
Comings, E. W., and R. S. Egly, Ind. Eng. Chem., 32: 714-718 (1940). 


Table 3.3.19—Constants for Thermal-conductivity Correlation* 


Gas Cy 
He 2.35 
CoO, 4.61 
Air 0.632 


C, 


* These constants are used in the following equation to correlate 
the thermal conductivities of gases in the temperature range of 


15°to 375°K: 


10° k = _Cy VT 
‘ C/T 
10¢:/T 


405 


CHAP. 3.3 


GAS-COOLED SYSTEMS 


Table 3.3.20— Thermal Conductivities Calculated by the Eucken Equation* 


(J. M. Wright, Calculated Thermal Conductivities of Pure Gases and 
Gaseous Mixtures at Elevated Temperatures, HW-21741, July 18, 1951) 


Gas T, °K 


He 273.1 
375.7 
400.0 
600.0 
800.0 


Co, 273.1 
400.0 
600.0 
800.0 


N; 273.1 
400.0 
600.0 
800.0 


k, 107° cal/(sec)(cm)(°C) 


Calculated 


35.3 
43.4 
45.2 
98.7 
70.8 


3.32 
6.13 
9.53 
12.30 


9.6 

7.67 
10.4 
12.9 


Experimental 


34.1 
40.9 


3.40 


9.66 


*k=4(9 Cp/Cy —5] 1 Cy 


Table 3.3.21—Viscosity Correlations for Gases at Low Pressures* 


Gas T, K 


He 140-373 10° » = ———_—_ 


§ bad 
Air 90-1845 10° n= "192.1 


a owas v 


Correlation for viscosity, n, in poises 


*A Summary of Viscosity and Heat-conduction Data for He, A, 


H2, Os, No, CO, CO;, H,O, and Air, by F. G. Keyes. Trans. 


Am. 


Soc. Mech. Engrs., 73: 589-596 (1951). By permission from Amer- 


ican Society of Mechanical Engineers. 
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Table 3.3.22—-Constants for Viscosity Correlations of Gases* 


(Reprinted from ‘‘ Chemical Engineers’ Handbook,’’ edited by 
J. H. Perry, 3rd ed. By permission from McGraw-Hill 
Book Company, Inc., New York, 1950) 


ag (273.1+C/T+C)(T/273.1)4t = (T/273,1)N? 


Air 0-300 0.768 0-100 0.01709 
CO, : —21-—302 .935 — 20-140 .0137 
15—100 .0137 
He ; —61-184 0.647 — 258-19 .0187 
15—185 .685 15-100 .0187 
H, —60—185 .695 — 183-21 .0084 


—21-302 .0084 


* The empirical relations, if not applicable directly, can serve as a method of 
extrapolating to get orders of magnitude, not precise results 

t Given by Perry as applicable to gases other than H, or He 

} Given by Perry as applicable to H, and He 
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CHAPTER 3.4 


Heat Transfer and Fluid Flow for Gases 


To compete with liquids as reactor coolants, gases must operate under more severe 
conditions of temperature and pressure. To avoid hot spots and high surface temperatures, 
local and over-all heat-transfer coefficients, which are lower generally than those of 
liquid-cooled reactors, must be known accurately because of the high temperature dif- 
ference required between the reactor wall and fluid. The high ratio of surface tempera- 
ture to coolant bulk temperature encountered in gas-cooled reactors called for new 
analytical approaches and new experimental data. 

The use of irregularly shaped fuel elements also made additional data necessary. Data 
were selected to show the effects of high heat flux and surface temperatures. Roughness, 
porosity, turns in flow lines, entrance and exit effects, and heat-transfer and fluid-flow 
characteristics of packed beds are all pertinent to the removal of heat from nuclear reac- 
tors and to the effective utilization of this heat energy. This chapter presents such basic 
design data for gas-cooled reactors. 


GENERAL. EQUATIONS UTILIZING HEAT-TRANSFER AND PRESSURE-DROP DATA 
The nomenclature for the following equations is defined in Table 3.4.1. 


HEAT TRANSFER 


The heat-transfer. coefficient is utilized in the equation: 
Q=hAAt (1) 
Data for h are usually presented in the dimensionless ratios hD/k and h/c)G. 


PRESSURE DROP 


The general differential equation for steady-flow pressure drop is: 


Vav | fv? dL 


Ec * gem rm (2) 


& 
—vdp = dZ+— 
Pp” Be 


Simplified methods for calculating pressure drops for compressible fluids are presented 
N.A.C.A.'~ The methods outlined are essentially solutions to Eq. (2). Equation (2) be- 
comes: 


Gdv | G*vf dL 


g. 3g. Tm r (3) 


—dp = — 


References appear at end of chapter. 
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Table 3.4.1— Nomenclature 
Definition 


Heat-transfer surface area 

Constant of integration 

Roughness factor. 

Specific heat 

Specific heat at constant pressure 

Average specific heat at constant 
pressure 

Inside diameter of conduit 

Hydraulic diameter or equivalent 
diameter 

Outside diameter 

Symbol for differentiating 

Density 

Average density of fluid 

Hydraulic diameter of fin passage 

Friction loss due to sudden con- 
traction 

Friction loss due to sudden en- 
largement 

Friction factor 

Experimentally determined fric- 
tion factor 

Friction factor evaluated at aver- 
age temperature of fluid 

Friction factor calculated from 
equation of Von Karman and 
Nikuradse 

Mass velocity 

Mass velocity based on smallest 
flow-area 

Local gravitational acceleration 

Conversion factor, 32.2 


Coefficient of heat transfer 

Local coefficient of heat transfer 

Coefficient of heat transfer based on 
log mean of temperature difference 
at entrance and exit 

Average heat-transfer coefficient 

Heat-transfer coefficient referring 
to an average value based on initial 
temperature 

Local coefficient of heat transfer at 
point x 

Empirical constant for contraction 
losses 

Empirical constant for expansion 
losses 

Thermal conductivity 

Average thermal conductivity 


Length 
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Unit 


Sq ft 
Dimensionless 
Dimensionless 
Btu/(Ib)(°F) 
Btu/ (ib) (°F) 
Btu/(Ib) (°F) 


Ft 
Ft 


Ft 
Dimensionless 
Lb/cu ft 
Lb/cu ft 

Ft 

Lb/sq ft 


Lb/sq ft 


Dimensionless 
Dimensionless 


Dimensionless 
Dimensionless 
Lb/(sec)(sq ft) 
Lb/(sec)(sq ft) 
Ft/(sec)(sec) 
(ft)(Ib-mass)/(sec)*(Ib- 
force) 
Btu/(hr)(sq ft)(°F ) 


Btu/(hr)(sq ft)(°F) 
Btu/(hr)(sq ft)(F ) 


Btu/(hr)(sq ft)(°F) 
Btu/(hr)(sq ft)(°F) 
Btu/(hr)(sq ft)(°F) 
Dimensionless 
Dimensionless 
Btu /(hr )(ft)(°F ) 


Btu/(hr)(ft)(°F) 
Ft 
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Table 3.4.1 —(Continued) 
Definition 


Subscript indicating based on log 
mean average 
Mach number 
Nusselt number 
Average Nusselt number 
Empirical constant 
Prandt] number, cpn/k 
Absolute pressure 
Stagnation pressure 
Heat flow rate at any given point 
Heat flow rate at inside wall 
Reynolds number, DG/n 
Hydraulic radius 
Stanton number, h/cpG 
Absolute temperature 
Average absolute temperature 
Average temperature of fluid 
Stagnation temperature 
Surface temperature of wall 
Temperature 
Inside wall temperature 
Bulk temperature of fluid 
Film temperature, 0.5 (to —t,,) + t, 
Film temperature, 0.4 (t,—t}) + tp 
Time average velocity 
Bulk average velocity 
Velocity parameter, u/V T,/dy 
Average velocity 
Specific volume 
Mean specific volume 
Fluid-flow rate 
Distance from conduit entrance 
Distance from tube wall 
Wall/distance parameter, 
WV T9/dyhi 9 /dy 
Distance between flat plate and 
wavy plate 
Distance (vertical) 
Dimensionless ratio 


Heat-transfer parameter Cpare ty 
Difference 

Absolute viscosity 

Absolute viscosity at wall 
Average absolute viscosity 
Absolute viscosity at surface 
Kappa, Karman constant 

Flew contraction ratio 

Shear stress in fluid 

Shear stress in fluid at wall 
Four times the friction factor, f 


Me ¥ 7,/d, 
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Unit 
Dimensionless 


Dimensionless 
Dimensionless 
Dimensionless 
Dimensionless 
Dimensionless 
Lb/sq ft 
Lb/sq ft 
Btu/(hr)(sq ft) 
Btu, (hr)(sq ft) 
Dimensionless 
Ft 
Dimensionless 
°R or °K 

°R or °K 

°R or °K 

°R or °K 

°R or °K 

°R or °K 

°R or °K 

°R or °K 

°R or °K 

°R or °K 
Ft/sec 

Ft/sec 

Ft/sec 

Ft/sec 

Cu ft/lb 

Cu ft/lb 
Lb/sec 

Ft 

Ft 

Ft 


Ft 


Ft 
Demensionless 


Dimensionless 


Dimensionless 
Lb sec/sq ft 
Lb sec/sq ft 
Lb sec/sq ft 
Lb sec/sq ft 
Dimensionless 
Dimensionless 
Lb/sq ft 
Lb/sq ft 
Dimensionless 
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for the pressure drop of a compressible fluid in a constant-area passage with the com- 
bined effects of heat transfer and friction, elevation changes being neglected. 
An integrated form of Eq. (3), with f assumed constant, is: 


2 7 2 
eyes va) Stim * (4) 
Sc 28-lm | 
where: 
1 L 
v= L vdL (4a) 
0 


- =y eat a | 
=p es av 


where p, | can be taken as an arithmetic average of p, and p, if Ap<p, and T,, can be taken 
as an arithmetic mean if the At between wall and fluid is constant. If this At varies, then 
Tima = Ts — Atiym should be used for Ty. 

The more usual application of Eq. (4a) as applied to reactors is for the case where the 
temperature can be expressed as a function of passage length, L. Rewriting Eq. 4(a) with 
the introduction of 4(b): 


~ AVM ft 
Ym= DT pav f TdL (4c) 


The evaluation of the integral in Eq. (4c) proceeds from a heat balance where q is the heat 
input per unit length: 


qdL = wedT | | (4d) 


Solving for dT and integrating: 

far = dL (4e) 
0 

Substituting in Eq. (4c): 


Ym “LT, = we ot lf : at Jat. (4f) 


The value of v,, can now be evaluated if q is known as a function of L. This function is set 
by the physics of the reactor and can readily be obtained. 

In practice, another integrated form of Eq. (2) has been used successfully. A log mean 
average specific volume is assumed, Eq. (4g): 


Ve-V 
2 

In — 

V4 


which leads to Eq. (4h): 
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7. -(Fu s ane - 


(fL/2r _.) 


n (12/01) Ty 
se) 


(en) Be i + /2rq)/a(%) 


The basic differential equation is also expressed in terms of Mach number, stagnation 
pressure, and stagnation temperature as follows:° 


dpe/P» = 


_ a =a 
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(4h) 


(5) 


Data and correlations on pressure drop are presented as friction factor, f, as a function 
of Reynolds number. The more important correlations are summarized in Tables 3.4.2 

and 3.4.3. The text should be consulted for the restrictions on these correlations and the 
physical properties to be used. 


Table 3.4.2— Data and Correlations for h, the Coefficient of Heat Transfer 


Flow 


Turbulent 
Turbulent 


Turbulent 


Streamline 


Streamline 


Turbulent 


Turbulent 


Turbulent 


Type of 
coefficient 


Local 
Local 


Local 
Local 
Average 


Average 


Average 


Fig. No. or equation 


Fig. 3.4.2 

h,/c,G = 0.0330G/n,,) 

Fig. 3.4.5 

Fig. 3.4.6 and 3.4.7 

h ,D/k = 1.75 + 0.65 V we p/kx 

Fig. 3.4.4 

Omi /¢ ppG)(cpn/k)y = 
0.664(LG/n)>** 

Fig. 3.4.9 

hD/kr = 0.034 (dsV, D/ng)”® x 
(Cpe Kg yo-4 (L/D)~°-! 

Fig. 3.4.10 

hy /cp, G = 0.026 DG/n),"” x 
[1 + (L/D)-*-"} 

Fig. 3.4.13 

Fig. 3.4.14 


Notes 


High-flux data 
Equation fits data to 
within + 7 percent 
Coefficients near an entrance 
8<x/D<80 
5<wCp /kx<400 
Constant surface temperature; 
average deviation 10 percent: 
5<L/D<63 
High-flux data; 
constant q/A; 
30<L /D<120 
1<L/D<68.4; constant 
surface temperature 


High-pressure data; constant 
surface temperature 


Table 3.4.3 — Data and Correlations for f, the Friction Factor and Pressure Loss 


Flow 


Turbulent 
Turbulent 


Turbulent 


Laminar and 
turbulent 


Type 


Local 
Local 


Average 


Local 


Fig. No. or equation 


Notes 


Fig. 3.4.3 High-flux data 

Fig. 3.4.8 Friction factors 
hear an entrance 

1/V 881 /2 = 2logy) (d¢VpD/¢V 8h /2) High-flux data; 

Fig. 3.4.15 30<L/D<120; 
heating or cooling 

Fig. 3.4.16 Entrance and exit 


losses 
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LOCAL HEAT-TRANSFER COEFFICIENT AND PRESSURE-DROP DATA 


VELOCITY DISTRIBUTION 


Basic data on velocity distribution are presented in Fig. 3.4.1, which also shows the 
equations representing the distribution near the wall and in the bulk of the fluid. In the 
Reynolds number range 10,000-200,000, theoretical analysis and experimental data for 
air (taken with.an 0.87-in. Inconel tube with L/D = 100) indicated that variable shear 
stress across the tube and compressibility without heat transfer altered the velocity dis- 
tribution curve approximately 2'4 percent.’ 


HEAT TRANSFER-— TURBULENT FLOW 


Figure 3.4.2 presents a plot of Nusselt number versus Reynolds number obtained with 
high surface temperature/bulk temperature ratios, ty/t,. The data and analysis are cor- 
related well by evaluating the physical properties at tp 4 = 0.4(tg—tp) + tp. Thermal con- 
ductivities and viscosities for air were both assumed proportional to the 0.68 power of the 
absolute temperature. 


PRESSURE DROP-—- TURBULENT FLOW 


Figure 3.4.3 presents data for the friction factor versus Reynolds number with the 
physical properties also evaluated at ty 4. Theoretical analysis also indicated only slight 
effect of variable shear stress and heat transfer across the tube on the velocity profile 
for turbulent flow with variable fluid properties.° A similar method of analytically de- 
riving local heat-transfer coefficients to fluids with temperature-dependent properties is 
also presented by Goldmann.’ 


HEAT TRANSFER—STREAMLINE FLOW 


Data for local coefficients with streamline flow are presented in Fig. 3.4.4 for 0.0625- 
in.-diameter Inconel tubes. The data are correlated within 22 percent by the equation: 


aa = 1.75 + 0.65 /*CP (6) 


x 


in the range of x/D from 8 to 80, and WCp / kK, from 5 to 400."° The data for the physical 
properties of air are from the “Gas Tables.”"! Further analysis of Kroll’s temperature 
data is presented by Klein and Tribus” who also present analytical methods for predicting 
heat transfer from non-uniform temperature surfaces. 


HEAT-TRANSFER COEFFICIENT INDEPENDENT OF TEMPERATURE DRIVING FORCE 


A heat-transfer coefficient defined by: 


oa (7) 


is found to be independent of temperature difference between wall and fluid, where ty, is 
the surface temperature with heat transfer and tay is the corresponding temperature the 
surface would assume in the absence of heat transfer. Figure 3.4.5 presents the correla- 
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Fig. 3.4.4. —Heat-transfer Correlation. Reprinted from NEPA-1688, Dec. 1950. 
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tion obtained for h,. All data given on Fig. 3.4.5 are represented within + 7 percent by the 
equation: 


—0.23 . 
2; = 0.038(2S) 8) 
cy 1m 


where the physical properties of air are taken from the NACA data’ and cover the fol- 
lowing ranges of variables: 


Diameter, in. 0.28 — 0.99 
Pressure, atm. 2-3 
Temperature difference, °F 10 — 400 
Mach number 0-1 
Reynolds number 10,000 — 400,000 


HEAT-TRANSFER COEFFICIENTS NEAR ENTRANCE 


Data on local heat-transfer coefficients near the entrance to a tube are presented in 
Figs. 3.4.6 and 3.4.7. Analytical methods by Boelter et al'‘ are also presented for pre- 
dicting the local coefficient of heat transfer near the entrance of round tubes. In addition 
to Figs. 3.4.6 and 3.4.7, local heat-transfer coefficient data are given by Boelter’‘ on the 
systems shown in Table 3.4.4. 

Data on entrance coefficients have also been presented by Cholette’® for the Reynolds- 
number range 678 to 18, 250. 


TUBE ENTRANCE PRESSURE DROP 


Data on friction factors near the entrance to tubes are presented in Fig. 3.4.8 for air. 
The value of the friction factor remains within 5 percent of that given by the Karman- 
Nikuradse relation, Eq. (11), beginning at approximately 40 to 60 diameters downstream 
from the entrance.’® Entrance and exit effects as well as turning losses are discussed 
elsewhere in this chapter. 


AVERAGE HEAT-TRANSFER COEFFICIENT AND PRESSURE-DROP DATA 


The latest data of interest on average heat-transfer coefficients and pressure drop are 
those obtained with high surface temperatures and low L/D ratios. The usual correlations 
are modified by evaluating the physical properties at some temperature intermediate to 
the bulk temperature of the fluid and the wall temperature. The L/D ratio is also in- 
corporated in the equations to obtain correlations. 


HEAT TRANSFER--STREAMLINE FLOW 


Heat-transfer data for small L/D ratios, constant surface temperature, and laminar 
flow are presented in Fig. 3.4.9. These data are correlated with an average deviation of 
10 percent by the Pohlhausen equation for flat plates: 


h i Cy) % _ LGc\* 
ds (e") . 0.664 ( : y (9) 
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Fig. 3.4.5 — Heat-transfer Correlation. Reprinted from NACA-TN-985, June 1945. 
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Fig. 3.4.6 — Entrance Heat-transfer Data Using Right-angle-edge Entrance. 
Reprinted from NACA-TN-1451, July 1948. 
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h, Btu Ahr) (sq ft) (°F) 


BELLMOUTH WITH SIX SCREENS 
BELLMOUTH WITH ONE SCREEN 


BELLMOUTH WITH SCREEN HOLDER 
BELLMOUTH ONLY 


Fig. 3.4.7 — Curves of Entrance Heat-transfer Data Using Various Entrances. 
Reprinted from NACA-TN-1451, July 1948. 
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Table 3.4.4—Configurations on Which Entrance Heat-transfer-coefficient 
Data are Presented by Boelter et al 


(1) Circular tube with bellmouth at entrance 
(2) Circular tube with bellmouth and one screen at entrance 
(3) Circular tube with bellmouth and screen holder at entrance 
(4) Circular tube with bellmouth and six screens at entrance 
(5) Circular tube with bare sharp-edge entrance 
(6) Circular tube with large orifice at entrance 
(7) Circular tube with small orifice at entrance 
(8) Circular tube with short calming section at entrance 
(9) Circular tube with long calming section at entrance 
(10) Circular tube with 45°-angle bend at entrance 
(11) Circular tube with right-angle bend at entrance 
(12) Circular tube with right-angle bend and long calming section at entrance 
(13) Circular tube with 45° round bend at entrance 
(14) Circular tube with 90° round bend at entrance 
(15) Circular tube with 180° round bend at entrance 
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Fig. 3.4.8 — Entrance Friction-factor Data, Reprinted from NACA-TN-1785, 


Nov. 1948. 
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Fig. 3.4.9 — Heat-transfer Correlation for Stream-line Flow. Reprinted from 


NEPA-1688, Dec. 1950. 
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In this correlation, the physical properties of air are taken from the “Gas Tables” by 
Keenan and Kaye. 


HEAT TRANSFER-—- TURBULENT FLOW 


Figure 3.4.10 presents a correlation over wide range of surface temperatures, bulk 
temperatures, and length-to-diameter ratios at constant q/A. Diameters of 0.402 in. and 
0.525 in. were used. The velocity in the Reynolds number is evaluated at the bulk tem- 
perature, the physical properties of air at a film temperature which is the average of the 
bulk and wall temperatures. The NACA physical properties for air were utilized. In ad- 
dition, the thermal conductivity of air is assumed directly proportional to the square root 


of the absolute film temperature. 


AT 


In contrast, Fig. 3.4.11 presents low-flux data for air where the L/D ratio is not im- 
portant, although a trend is shown and the physical properties are evaluated at the bulk 
temperature of the fluid. Since the correlation obtained is good, the surface temperature 
effect does not seem important in these data. 
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Fig. 3.4.10— Heat-transfer Correlation for Turbulent Flow. Reprinted from 
NACA-1020, 1951. 
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Fig. 3.4.12— Heat-transfer Correlation for Turbulent Flow. Reprinted from 
NACA-RM-E9D12, June 23, 1949. 


Figure 3.4.12 demonstrates the validity of obtaining the heat-transfer coefficient with 
high surface-to-bulk temperature ratios by evaluating the physical properties at the film 
temperature. Fair correlation was also obtained evaluating the physical properties at the 
surface temperature of the wall. 

Figure 3.4.13 presents further data obtained for turbulent flow with low L/D ratios and 
low heat flux. These data are correlated with a maximum deviation of 17 percent by the 
equation: 


apt i 0.026 (DG/n),*-?* [1 + (L/D)*-"*| (10) 


where the physical properties of air were taken from the “Gas Tables” by Keenan and Kaye. 


HEAT-TRANSFER DATA FOR OTHER GASES 


Heat-transfer data for helium are presented by Lyon."® The precision of the data is not 
sufficient to detect any significant difference from that predicted by the Colburn or Dittes- 
Boelter equations. Figure 3.4.14 presents data obtained for a 3:1 hydrogen-nitrogen mix- 
ture at various pressures as well as for air. In this correlation, ¢ is a function of Reynolds 
and Prandtl numbers. These data indicate that low-pressure data may be utilized to obtain 
high-pressure data as long as the physical properties at the high pressure are known. 

A simplified equation for quickly calculating the heat-transfer coefficient for gases in 
turbulent flow as presented by McAdams” is: 


h = 0.027 cp G*® 7°-?/p*? } (10a) 
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Fig. 3.4.13 —Heat-transfer Correlation for Low L/D. Reprinted from NEPA- 
1688, Dec. 1950. 
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Fig. 3.4.14— Heat-transfer Data for 3:1 H,-N, Mixtures and for Air. Reprinted 
from A. P. Colburn et al, Ind. Eng. Chem. 39, No. 8, 1947, p 960. 
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PRESSURE DROP- TURBULENT FLOW 


Figure 3.4.15 illustrates the effect of the following on the average friction factor: 
(1) Effect of entrance configuration with heat addition. 
(2) Effect of L/D and inlet air temperature with heat addition. 
(3) Effect of heat extraction. 
The Karman-Nikuradse relation for smooth tubes, Eq. (11), best represents the data: 


dgVp_D oF) -o8 11) 


1 
—-= = 2 log 
si ( Mg : 


The density and viscosity are evaluated at the film temperature using NACA and Keenan 
and Kaye’s “Gas Tables” data. 

The von Karman semi-theoretical treatment can be used in the determination of friction 
factor at any Reynolds number in the turbulent range provided the mean height of the sur- 
face irregularities of the conduit is known.” 


ENTRANCE AND EXIT EFFECTS ON PRESSURE DROP 


The friction caused by a sudden contraction at an entrance or exit is usually given by: 


K V3 
emiedeas Cihde 4 
Fe = 5 (12) 


where Kg is the function of the ratio of the new cross-sectional area to the original area, 
o, the flow area contraction ratio. Similarly, expansion losses are given by: 


V3 


F, = Ke, 2g. (13) 


Figure 3.4.16 presents a method of evaluating K, and K;, knowing the Reynolds number 
and the porosity, for the following types of flow passages: 

(1) Circular multiple-tube system. 

(2) Two-dimensional infinitely wide gap. 

(3) Square-tube plate-fin system. 

(4) Equilateral-triangular plate-fin system. 
These plots are derived for non-compressible flow, and experimental results have con- 
firmed the predictions of this analysis.” 

For non-adiabatic Flow, Kays’ correlations hold if the velocity is evaluated at the bulk 
temperature of the fluid with the physical properties of the fluid evaluated at the wall tem- 
perature.” Turning losses are discussed elsewhere in this chapter. 


FINNED SURFACES 


The design of gas-cooled finned surfaces requires the calculation of heat transfer and 
pressure drop as related to design conditions such as cylinder diameter, width and spacing 
of the fins, and roughness of the surface, and to operating conditions such as velocity of 
coolant and temperature differences. Detailed treatment of finned surfaces is given in the 
A.S.M.E. Transactions,”* but the data presented are not directly applicable where the fin is 
made from the fuel elements. 
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Fig. 3.4.15 — Friction-factor Correlation for Turbulent Flow. Reprinted from 


, 1951. 


-1020 


NACA 


428 


HEAT TRANSFER AND FLUID FLOW CHAP. 3.4 


ed aS ae 

pj} | ft | ft tf Af 

pt | | | | | | NT 
| | tN 


Fig. 3.4.16—Constants for Entrance and Exit Pressure Loss. Reprinted from 
NP-3901, Jan. 1, 1950. 
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The general conclusions deduced from many independent sources of fin data are: 
(1) For a given Reynolds number, the Stanton numbers, h/c,G, usually increase with 
increase in fin spacing for both rectangular and triangular fins. 
(2) For a given Reynolds number, the Stanton numbers usually increase with increase 
in fin width for. rectangular fins, but decrease with increase in fin width for triangular 
fins. 
(3) Cylindrical diameter has no effect on the coefficient of heat transfer. 
(4) Temperature difference has a negligible effect on the surface heat-transfer coeffi- 
cient, in the range of available data where the maximum t was approximately 200°F. 
(5) There is an indication in the data that reugh or wavy surfaces: 
(a) Increase the Stanton number for a given Reynolds number. 
(b) Increase the heat-transfer coefficient for a given pumping power per unit surface. 
(c) Increase the heat-transfer coefficient slightly for a given pressure drop. 
Interrupted plane fins staggered in successive rows have been utilized where high heat- 
transfer coefficients were desirable. These fins do not allow the boundary layer in the 
fluid to develop fully because of the interruption in the fins. High heat-transfer coefficients 
are the result. Figure 3.4.17 is a schematic diagram of interrupted plane fins, with S, the 
transverse wall-to-wall spacing between fins in the same row, A, the length of fin in direc- 
tion of fluid flow, £, the thickness of fin metal, ando, the transverse stagger spacing be- 
tween the fins in successive rows indicated. 


9) o 
— = “er 
: a iw uM wc ma 
FLOW —_— = 


Fig. 3.4.17— Schematic Diagram of Interrupted Plane Fins. Reprinted from 
NACA-TN-2237, Dec. 1950. 


Figure 3.4.18-presents heat-transfer data over the wide range of fin characteristics 
indicated. The equations representing the line are: 


0,60 
he Pr’ = (14) 
c,G |r. (Gd), | 
d,\ 7 


hh prs = ___0,60 | (15) 
CpG 3 (oo) 
“\n 


for A/d}; >3.5. In these equations, d; is the hydraulic diameter of the fin passage equal to 
four times the cross-sectional area divided by the wetted perimeter. 
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Fig. 3.4.18— Heat-transfer Data for Interrupted Plane Fins. Reprinted from 
NACA-TN-2237, Dec. 1950. 
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Figure 3.4.19 presents the data for the friction factor for Reynolds numbers less than 
or equal to 3500 and for Reynolds numbers greater than 3500. The correlating equations 
for the friction coefficients for Reynolds numbers <= 3500 are: 


{= 


11.8 


a (@n) 0.67 
dp 7) 


for \/d}, =< 3.5, and: 


{= 


11.8 


35( 


Gd 
1 


0.67 


(16) 


(17) 
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Fig. 3.4.19 — Friction 


NACA-TN-2237, Dec. 1950. 
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for A/d,, > 3.5. For Reynolds numbers > 3500: 


, - 0.38 (18) 


di, 1) 


for A/dp, = 3.5, and: 


- = 0.38 (19) 


35 (24 ye 
\ an 


for A/d, > 3.5. More recent fin data are presented by Kays et al,” 


TURNING LOSSES 


In reactors using split flow of coolant and in folded reactors (Chapter 3.6), turning 
losses are an important fraction of the total pressure drop of the coolant. It is difficult 
to extrapolate the turning-loss data obtained with models because of the inadequate theory 
describing the losses. 

Figure 3.4.20 presents data for turning losses with various slot widths and illustrates 
the effect of using bellmouths at the entrance to the channels. The channels had the finned 
fuel elements shown in Fig. 3.5.5 in them. The air flowed down the slot and turned into the 
2.67-in.-ID channels on 8-in. centers normal to the slot as shown in Fig. 3.4.21. Table 
3.4.5 lists the various operating conditions for Fig. 3.4.20. 

The data presented in Fig. 3.4.22 are for normal flow and turning flow. The data are 
for relatively short passages and exhibit a slope of minus one-half instead of minus one 
because of the entrance effects. The losses caused by flowing through two 90° turns are 
indicated by the separations between these curves. The turning losses decrease with in- 
creased Reynolds number. 

The estimate that a turning loss is equivalent to one velocity head is shown by the above 
data to be conservative. Turning losses from 0.61 to 1.47 velocity heads have also been 
reported”® and may be kept to the minimum value by the proper design of passage en- 
trance and exits. 


FLOW IN CHANNELS OF IRREGULAR SHAPES 


HEAT TRANSFER—- RECTANGULAR DUCTS 


Heat-transfer data from many sources are plotted in Fig. 3.4.23 for rectangular ducts. 
The data for high L/D ratios fall below the curves. This is attributed to inaccurate tem- 
perature measurements because of poor mixing of the stream. The correlations in Fig. 
3.4.23 are therefore only valid for L/D ratios below 80. 


HEAT TRANSFER—RECTANGULAR AND TRAPEZOIDAL DUCTS 


Data plotted in Fig. 3.4.24 for rectangular and trapezoidal ducts fall 30 to 35 percent 
below the usual correlation.” 
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Fig. 3.4.20—Turning-loss Data. Reprinted from BNL-23, Oct. 1, 1949, Secret. 
Channel-entrance pressure drop expressed as fraction of channel velocity head 
vs the ratio of the mass velocity, G, in the feed slot to the weight rate of flow, 


w, through the channel. 
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Fig. 3.4.21—Schematic of Turning Flow. Reprinted from BNL-23, Oct. 1, 1949, 
Secret. The pressure drop was measured from an average position in the slot to 


10 in. downstream in a channel. 
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Fig. 3.4.22— Turning-loss Data. Reprinted from BMI-7-27, May 15, 1950, 


Secret. 
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Fig. 3.4.23 — Heat-transfer Correlation for Rectangular Ducts. Reprinted from 
NACA-ARR-4F 28, Feb. 1945. 
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NUSSELT NUMBER 


DUCT L/Dy 


MQ TRAPEZOIDAL 102 
0) RECTANGULAR 64 


000 10,000 100,000 
REYNOLDS NUMBER, Re 


Fig. 3.4.24—Heat-transfer Data for Rectangular and Trapezoidal Ducts. Re- 
printed from NACA-TN-2524, Nov. 1951. 


PRESSURE DROP— RECTANGULAR AND TRAPEZOIDAL DUCTS 


Friction-factor data are presented in Fig. 3.4.25 for trapezoidal and rectangular ducts. 
The pressure drops are predictable to within 20 percent by the following equations: 


c= 4f =— (20) 


t = 4f =— (21) 
Re®-20 


for Re > 1800. 


WAVE-SHAPED PLATES 


The analysis of heat-transfer and pressure-drop data for wavy plates indicates an ap- 
proximate doubling of the heat-transfer rate for a narrow duct. The pressure drop was 
increased by a factor of ten over that for a straight duct. Figure 3.4.26 is an example of 
the data obtained. A tabulation of the systems studied with wave-shaped plates is presented 
in Tgble 3.4.6.78 
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Fig. 3.4.25 — Friction-factor Data for Rectangular and Trapezoidal Ducts. 
Reprinted from NACA-TN-2524, Nov, 1951. 
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Fig. 3.4.26 — Local Heat-transfer Coefficients for Wavy Plates. Reprinted 
from NACA-TN-2426, Aug. 1951. 
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Table 3.4.6 — Systems Studied with Wave-shaped-plates by Boelter* 


Small wave plate 
Small wave plate 
Small wave plate 
Large wave plate 
‘Large wave plate 
Large wave plate 


Yo = ‘4 in. 
yp = 1% in. 
Yo — 3\/ in. 
Yo = ‘A in. 
Yo = 15% in. 
yp = 314 in. 


* Variation of heat-transfer coefficient with distance and pressure 
drop vs flow rate studied for the systems in this table 


VELOCITY DISTRIBUTION IN TRIANGULAR PASSAGES 


Figure 3.4.27 presents measured velocity contours in a triangular passage. Analytical 
29 


methods are presented for determining temperature distributions. 


Fig. 3.4.27 — Velocity Contours in a Triangular Passage. Reprinted from 


NACA-TN-2257, Jan, 1951. 


ANNULI AND NON-CIRCULAR DUCTS 


Information on heat transfer and fluid flow for annuli and non-circular ducts is avail- 


able, 5?,31 


PRESSURE DROP— FUEL ELEMENT CHANNELS 


Data are available for the pressure drop across various fuel-element channels,*?*** but 
these treatments are too specific to be of widespread interest. 


PRESSURE DROP-HEADERS, DUCTS, AND DUCT COMPONENTS 


Detailed information is available for predicting pressure drop for headers and ducts of 
various shapes as well as for duct components.”®. 4—% 
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POROUS BODIES 


PRESSURE DROP-—STREAMLINE FLOW 


Streamline flow through porous bodies follows the equation: 


16 
=o. 2 (22) 


where b, called a roughness factor, is a constant for the sample. Figure 3.4.28 presents 
experimental data obtained with hydrogen and nitrogen. The limit of the experimental 
error in determining the friction factor is less than + 1 percent. In other experimental 
work on heat transfer, the temperature ratio of solid to coolant temperature was not known 
precisely enough to determine heat-transfer coefficients.** 


FRICTION FACTOR 


\e) 0.10 0.20 030  jj§§ 040 0.50 0.60 070 0.80 
RECIPROCAL OF REYNOLDS NUMBER 


Fig. 3.4.28— Pressure-drop Correlation for Streamline Flow Through Porous 
Bodies. Reprinted from R-111, Aug. 10, 1948, Secret. 


PRESSURE DROP-—- TURBULENT FLOW 


A modified fluid-flow equation, which was verified experimentally, is: 
_LBG’ | 8nLG 


AP re 
| 
4rodq dr? + 5.00 re m(de/Po)” 


(23) 


for which the nomenclature is defined in Table 3.4.7. Equation (23) has been verified’ for 
many porous materials using nitrogen and hydrogen under conditions that approximate the 
flow of gases at high temperatures through the body. Figure 3.4.29 is an example of the 
correlation obtained. The deviation between calculated and experimental curves is less 
than 8 percent. 
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Table 3.4.7—Nomenclature for Equation (23) 


Symbol Definition Unit 
B’ Constriction factor Dimensionless 
da Average density of fluid gm/cu cm 
dy Density of fluid at exit gm/cu cm 
G Mass flow per unit area at cross section gm/(sq cm)(sec) 
L Length or thickness of body cm 
Py Exit pressure of fluid dynes/sq cm 
AP Pressure drop dynes/sq cm 
Te Effective pore radius cm 


G, lb Nz, Asq in.)(sec) 
re) 
rs) 

G ,Jb H,/(sq_ in)(sec) 


SAMPLE A 
f =1.27x 1079 in. 024 


B’= 1.28 


CURVES ARE DRAWN THROUGH OG 
EXPERIMENTAL VALUES, POINTS 

SHOWN ON CURVES ARE CALCU- 

LATED USING EQ.( 23) 008 


O 
O 2000 4000 6000 8000 10,000 I2000 I4000 


p\-- Pom , (dynes/sq em) 


Fig. 3.4.29—Pressure-drop Correlation for Turbulent Flow Through Porous 
Bodies. Reprinted from R-128, Jan. 1949. 
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PACKED BEDS 


Heat-transfer and friction-factor data for spheres are presented in Figs. 3.4.30 and 
3.4.31, respectively. These data are valid for gases having Prandtl numbers of approxi- 
mately 0.73. Curves previously reported in the literature!“ are also indicated. A new 
method of analysis for estimating heat-transfer coefficients and friction factors based on 
the properties of a single particle is presented by Ranz,** which correlates the data of 
Gamson. 

Work on stacked and separated screens having porosities of 0.34 to 0.84 in the Reynolds 
number range of 10 to 1000 has been in progress at Stanford, and the data will be published 
in late 1952.* 


ROUGHNESS 
HEAT TRANSFER 
The equation: 
1.0 0.4 
AD _ 9 040 (2822) (fee (24) 
Ke Te Kk 


correlates the data taken within + 15 percent for tubes having square-thread-type rough- 
ness. The properties of the fluid are evaluated at the film temperatures from NACA data 
and the “Gas Tables.” Figure 3.4.32 presents the data under the conditions listed in Table 
3.4.8. 

The roughness ratio, e/r, is defined as the ratio of the height of the thread to the radius 
of the tube. V,, the friction velocity, is defined as the product of the velocity and the 
square root of one-half the friction factor: 


Vr =VpVvf¢/2 


PRESSURE DROP 


The friction factors observed were higher than for conventional smooth tubes. They were 
correlated by the introduction of roughness parameters as indicated in Eq. (25): 


f,/2 = 0.0036 (s/W)*® (e/w)'-"° (25) 


where: s = distance between threads 
W = thread width 
e = thread height 


Figure 3.4.33 presents the data as correlated by Eq. (25). This correlation applied only 
to turbulent flow. 


* A. L. London, personal communication, Oct. 5, 1952. 
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Fig. 3.4.30—— Stanton Number vs Reynolds Number for Heat Transfer Between 
Packed Spheres and Air. Submitted by BMI, Nov. 1952. 
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Fig. 3.4.31—Friction Factors for Air Flowing Through Packed Spheres. 
Submitted by BMI, Nov. 1952. 
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Table 3.4.8 — Conditions for Heat-transfer and Pressure-drop Data in 


Roughness Study 


0 to 0.037 


Roughness ratio 


Up to 350,000 
Up to 1950°F 


Reynolds number 


Tube-wall temperature 


Heat-flux 


000 Btu/(hr)(sq ft) 


Up to 115 
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FLOW ACROSS TUBES 


HEAT TRANSFER-—- TURBULENT FLOW 


Equation (26) is recommended for gases flowing normal to banks of staggered tubes. 
For banks of tubes in line, it is recommended that Eq. (26) be used with the constant re- 
duced to 0.26: 


Li, 0.6 
AmDo _ 0.33 (ce) (Pas max] (26) 


As given in Eq. (26), h,, is for tubes that are 10 or more rows deep. Table 3.4.9 gives 
the correction factors for h,, for N rows deep. 


Table 3.4.9 — Ratio of h,, for N Rows Deep to That for 10 Rows Deep 


(Reprinted from ‘‘ Heat Transmission,’’ by W. H. McAdams. 
By permission from McGraw-Hill Book Company, Inc., 
New York, 1942) 


Tube hm(N rows)/hyp (10 rows) 


geometry N=1 N=2 N=3 N=4 N=5 N=6N=7 N=8 N=9PYP N=I!1O 


Staggered 0.73 0.82 0.88 0.91 0.94 0.96 0.98 0.99 1.0 
In-line 0.64 80 (87 .90 .92 .94 .96 .98 .99 1,0 


HEAT TRANSFER- LAMINAR FLOW 


Investigations limited to pitch-to-diameter ratios of 1.25 and 1.5 have indicated the cor- 
relation: 


h Cc n 2/4 n 0.14 (pc) 
meee Y (led A Ss. = = 
5) . a ae al 


for Reynolds numbers below 200." 


PRESSURE DROP- TURBULENT FLOW 


Nomograms valid for Reynolds numbers from 2,000 to 40,000 are given in Perry,® 
which correlate the friction factor with Reynolds number and tube geometry. Useful data 
on the cross-flow of gases over tubes are also reported by Grimison.“ 
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CHAPTER 3.5 


Fuel Elements 


The gas-cooled reactors considered to date have utilized solid fuel elements for which 
the general requirements have been: 


(1) Resistance to chemical attack or erosion by the coolant stream. 
(2) Retention of fission-product activity within the fuel element. 


(3) Mechanical stability against thermal stresses resulting from heat generation. 
and for which the heat-transfer requirements have been: 


(4) Adequate surface-to-volume ratio for selected operating power level. (A practical 
limit is imposed by stability of the particular materials of fabrication.) 


Requirement (4) is determined not only by the power desired but also by the allowable 
free gas-flow area and by the heat-transfer coefficient at the solid-gas interface. In power 
reactors, a high surface-to-volume ratio, consistent with the mechanical stability of the 
fuel element and the neutron economy of the reactor, is desirable to minimize both the 
pumping power and the reactor size. There is, however, an optimum amount of absorbing 
material that may be introduced in adding heat-transfer surface to a specific volume of 
fuel. Extended surfaces are utilized more efficiently if they can be designed as fuel- 
bearing members. In thermal power reactors, a substantial amount of moderator material 
must be closely associated with each fuel element, and a high surface-to-volume ratio is 
again required. Designs which incorporate fuel and moderator together in the same mass 
have the advantage that all surfaces exposed to the coolant gas can be very nearly equally 
effective in transferring heat. There is some improvement, too, in neutron economy if the 
uranium can be coated with a moderating metal such as beryllium to keep the fission prod- 
ucts out of the coolant stream. 

This chapter is concerned only with the confinement of reactor fuel in such a manner 
that fission products will be prevented from diffusing into the gas stream. In this regard 
the chapter outlines some practical designs for gas-cooled fuel. Chapter 3.6 describes 
practical fuel-element configurations and coolant-gas distribution in reactor cores. 

In current designs of gas-cooled reactors, uranium or uranium oxide is enclosed ina 
thin casing of metal, such as aluminum or stainless steel, to prevent oxidation of the ura- 
nium and to confine fission products within the fuel element. 


ROD-TYPE FUEL ELEMENTS 


For unenriched graphite-moderated air-cooled reactors, neutron-economy requirements 
dictate the use of a low-cross-section cladding material, such as aluminum, zirconium, 
or beryllium, for uranium. Aluminum has been the most extensively developed. Gurinsky 
noted early in the Manhattan Project that uranium in contact with aluminum formed an in- 
termetallic compound, now known to be UAI,, at temperatures as low as 200°-300°C. With 
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a clean aluminum surface in contact with a clean uranium surface, this alloying reaction 
causes an increase in volume of about 17 percent. The uranium diffuses to the aluminum 
surface through the UAI, layer, and if the aluminum surface is that of a thin-walled con- 
tainer, the aluminum above the expanding alloy is forced up to form a blister which is 
visible on the outside of the can. The maximum penetration rate of the alloy into the 
aluminum is shown as a function of aluminum-uranium interface temperature in Table 
3.9.1 and Fig. 3.5.1. 

The alloying reaction can be prevented either with an anodic coating on the aluminum or 
by the presence of another diffusion barrier, such as U(AISi),, formed on the uranium slug 
surface by immersion in a molten aluminum-silicon alloy prior to canning. 

A second feature of the uranium canning operation is the elaborate weld-sealing process 
required to exclude oxygen which reacts with the uranium to cause swelling and rupture of 
the can. The rate of oxidation is strongly temperature dependent, being about 27 times as 
fast at 250°C as it is at 100°C. | 

Operating experience dictates that aluminum-jacketed, uranium fuel elements should not 
be operated at an interface temperature above 225°C. Above this temperature, there is a 
marked tendency toward instability of the fuel element owing to either or both of the above 
causes. For operating temperatures below 225°C, the norTowing canning and testing proce- 
dure, developed at Oak Ridge, can be used: 


UNBONDED, ALUMINUM-JACKETED, URANIUM FUEL ELEMENTS 
(E. J. Boyle and C. D. Cagle, ORNL) 


CANNING PROCEDURE 


These elements are prepared by drawing the 2S-aluminum cans on the uranium slugs; 
i.e., the slug is inserted in the can, and the assembly is forced through a sizing die. Fuel 
elements with the following specifications have been employed: 


Resistance-welded 
Aluminum can 


Material 2S, impact-extruded 

Length, in. 4.375 

ID, in. 1.116 

Wall thickness, in. 0.017 to 0.020 
Uranium 

Material gamma-extruded 

Length, in. 4.000 + 0.010 


Diameter, in. 
Chamfer on bottom 
end, in. radius 


Arc-welded 
Aluminum can 
Material 
Length, in. 
ID, in. 
Wall thickness, in. 


1 References appear at end of chapter. 
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1.100 + .002 


0.010 


2S, impact-extruded 
4.375 
1.116 
0.035 
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Uranium 
Material gamma-extruded 
Length, in. 4.000 + 0.010 
Diameter, in. 1.100 + .002 


Chamfer on bottom 0.010 
end, in. radius 


The arc-welded slugs differ from the resistance-welded units in that a somewhat 
heavier cap (1.102 in. in diameter and 0.060 in. thick) is compositely forced through the 
die in the drawing operation. The excess wall metal is trimmed to the lip of the cap, and 
the cap and wall are then joined by argon arc-welding. 


ALUMINUM-SILICON BONDING OF ALUMINUM-JACKETED, URANIUM FUEL ELEMENTS 
(E. J. Boyle and C. D. Cagle, ORNL) 


Stabilization of aluminum-jacketed uranium fuel elements above 225°C has been achieved 
by coating the uranium with U(AISi), to prevent the alloying reaction and protect against 
oxidation resulting from leaks in the aluminum welds. The dimensional specifications for 
the slugs are: 


Uranium slug 


Diameter, in. 1.102 —0.003 + 0.000 
Length, in. 4.000 -— .000 + .005 
Corner radius, in. 0.060-— .000+ .040 
Material alpha-rolled 
Aluminum can 
ID, in. 1.121 + 0.000 
—0.003 
Wall thickness, in. 0.033 + 0.000 
— 0.003 
Bottom thickness, in. 0.051 + 0.005 
Length, in. 4-21/32 + 1/64 
Material 2S, deep-drawn 
Canned slug 
Length, in. 4.120 + 0.6065 


Bond layer thickness, in. 0.004 to 0.0065 


CANNING OF URANIUM IN ANODIZED ALUMINUM TUBING 
(D. H. Gurinsky, BNL) 


The uranium-aluminum alloying reaction may be prevented by interposing a diffusion 
barrier, consisting of a coating of aluminum oxide, on the inside of the aluminum container 
tube. A fuel element with this feature is described below. 

The BNL fuel element is an 11-ft element consisting of thirty-three 4-in., natural- 
uranium slugs encased in a six-finned aluminum tube. Physics calculations for this reac- 
tor established the aluminum-to-uranium volume ratio at 0.2. This rather low ratio re- 
sulted in a very-thin-walled tube (0.028 to 0.030 mils thick) and very slender, tapered 
fins (0.6 in. high, 0.025 in. at the base, and 0.018 in. at the tip). Four-in.-long uranium 
slugs were selected because little was known of the warping tendencies and the difficulties 
of machining and heat-treatment of long rods. 
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8.120 
D=6.3xlO e T+273 


PENETRATION COEFFICIENT, sq mils/hr 


-2 
10 450 400 ~=—-:350 300 250 
TEMPERATURE, °C 
Fig. 3.5.1— Variation of the Maximum Aluminum Penetration Rate with 


Temperature (BNL and ORNL Data). Reprinted from BNL-38, Dec. 15, 194£ 
(BNL Log No. D-2106). 
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Table 3.5.1— Minimum Time Required to Penetrate 30 Mils of Aluminum by the Uranium 
Alloying Reaction 


(D. W. Bareis, Studies of the Aluminum-Uranium Alloying Reaction, BNL-38, 
Dec. 15, 1949) 


Time for penetration 


| ae | 
Temperature, °C BNL sandwich assemblies ORNL canned slugs 
250 990 days 510 days 
300 130 days 150 days 
350 22 days 52 days 
400 130 hr 21 days 
450 35 hr 10 days 


FABRICATION OF FINNED TUBING 


The details of fabrication* of the finnea tubing are described in Warner.? To summarize, 
the tubing was extruded from a 2S-aluminum billet 64% in. OD by 12 in. long; each billet re- 
sulted in approximately 95 ft of tubing. The extrusion temperature was 538°-540°C, the ex- 
trusion pressure 66,000 psi, and a so-called web-type die, in which the mandrel is station- 
ary, was used. In this case, the metal was forced through six ports, the streams from these 
six ports joining in the mixing chamber and the tube forming around the mandrel which 
faces that part of the die in which the fins are formed. 

This tubing represented shape and thickness requirements which had not been met in the 
industry before and therefore required a great deal of experimentation on the part of the 
fabricating company. The essence of the problem lay in equalizing the frictional forces 
existing at the land of the mandrel and at the faces along which the fins had to pass. Since 
the tubing could not be extruded to the tolerances required, the extruded shape was sub- 
jected to one drawing operation which resulted in a cold working of the order of 15 percent. 
Only the tubing itself was subjected to the drawing friction. Since the fins are attached to 
the tube, these are also worked because they must extend to the same degree as the tubing. 
The tubing was subjected to a pressure test of 90 psi prior to shipment by the company 
and had to pass an inspection based on the specifications listed for Fig. 3.5.2. 


SELECTION AND MACHINING OF URANIUM 


The uranium was cast into 9-in.-long by 4-in.-OD right cylinders and extruded at the 
Hanford Works into bars 1.24 in. in diameter. The extruded bars were shipped to the 
Chapman Valve Company for machining.* The bars were first straightened, then machined 
on a six-spindled Conomatic lathe, where the average time per 4-in. slug was 30 sec. The 
slugs came out of this machine approximately 0.010 in. oversize in diameter and 0.020 in. 
oversize in length. They were then heat-treated for 12 hr at 600°C in an argon atmosphere 
to decrease the hydrogen content of the metal, to relieve the quenching, forming, and ma- 
chining stresses, and to minimize the tendency to warp. 

The slug diameter was brought to final dimensions in a centerless grinder. A button was 
machined on the end of the slugs and finished to length on a hand-operated turret lathe. 
After this operation, the slug was slotted along its full length. Then the slugs were again 
heat-treated (400°C) to remove traces of oil and water. The dimensions and tolerances are 
given in Fig. 3.5.3. 


* Fabricated by Alcoa. 
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Fig. 3.5.2 — Specifications for Finned Aluminum Tubing. Reprinted from 
BNL- 54, May, 1950 (BNL Log No. D-437). 


Purity: 
Standard specifications for 2S aluminum; impurities not to exceed 1%. 
Dimensions: 

(1) Wall thickness: 0.030 in. + 0.002 in. 

(2) Internal diameter: 1.104 in. + 0.001 in., subject to specification No. 11.* 

(3) Distance from tip of one fin to tip of opposite fin: 2.370 in. + 0.030 in. 

(4) Fin dimensions at tip: 0.018 in. — 0.000 +.T 

(5) Spiral of fin: 1°/ft. 

Special specifications: 

(6) Weight per foot: Not to exceed 0.230 lb/ft. 

(7) Bowing of tube: Not greater than 0.100 in. in 10 ft. 

(8) Plug test: The tube is acceptable if it shows no sign of rupture after a 
tapered steel plug has been driven into both ends so as to expand the 
inside diameter by ‘% in. 

(9) Pressure test: An air pressure of 90 psi shall be applied to the inside 
of each tube for a period of not less than 5 sec. Any tube which leaks, 
as indicated by the formation of air bubbles in the testing fluid, shall 
be rejected. 

(10) Surface inspection: The tubing and fin shall be clean, smooth, and free 
from seams, slivers, laminations, grooves, cracks, blisters, and 
other injurious defects. 

(11) Clearance: A 4.500 in. x 1.101 in. O.D. Micarta rod with chamfered ends 
shall readily pass through each tube. This will be considered the ‘‘Go’’ 
gauge, The ‘‘No Go’’ gauge shall be 4.5 in. long by 1.105 in. O.D. and 
should not pass through the tube. 

(12) Finished length: 12 ft-6 in, + 0.5 in, 

(13) Packaging: Each tube should be encased in a *j¢-in.-wall mailing tube 
for its full length and then shipped in a substantial wooden crate, the 
latter to be so constructed that the material can be repacked in the 
same container, i.e., closure can be effected by means of screws or 
straps of metal. f{ 

Acceptance of material which does not meet with all of the above specifications 
will depend on special arrangements which shall be made between the Aluminum 
Specialties Co. and ALCOA’s Inspection Department. 


* This dimension is stated; however, acceptance will be based on specification 
No. 11. 

t Subject to specification No. 6. 

t This shape corresponds to ALCOA die No. 26873. 
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Fig. 3.5.3—Uranium Slug Specification. Reprinted from BNL-54, May 1, 
1950 (BNL Log No. D-2054). End faces must be parallel within +0.001 in 
reference to slug axis; cylindrical section to be ground finished; tool marks 
not to exceed 0.003 in. on ends; remove all burrs. (A) Original slug; (B) Re- 
vised slug. 


Final Handling 

(1) Special precaution must be taken to ensure that the slugs after the second 
degassing operation shall not be permitted to come in contact with water or. 
moisture, including possible moisture through accidental handling of slugs with 
bare hands or damp gloves. 

(2) Cleaning and dusting of slugs after second degassing and prior to hermet- 
ically sealing in cans, Slugs shall be brushed and wiped after the second degas- 
sing operation to remove any loose or adherent dust and scale. 

(3) Time limit of slug exposure to atmosphere after final degassing shall be 
limited to a maximum of 24 hr. | 
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THE CANNING OPERATION 


The actual canning consisted of:13 individual operations: 


(1) Chemically stripping anodized film 
(2) Trimming finned tube 
(3) Welding butt closure 
(4) Dehydrating anodized film 
(5) Leak test #1— welded closure and tube wall 
(6) Loading welded can 
(7) Trimming loaded can 
(8) Induction-brazing cartridge 
(9) Leak test #2—cartridge 
(10) Collapsing cartridge wall 
(11) Flame-brazing anchor 
(12) Flame-brazing helium tube 
(13) Leak test #3— completed assembly 


Step (1) was required because it was found impossible to execute a good arc weld without 
it; steps (2) and (3) follow naturally. Step (4) was required as a result of some heat tests 
in which it was noted that the anodic coating absorbed up to 1 to 2 cc of water. This water 
reacted with uranium on heating to form hydride producing minor bumps which were con- 
sidered undesirable. Steps (5), (6), and (7) again follow. Induction-brazing was selected 
over argon arc-welding because a good job of removing the anodic film was considered 
difficult. Once the details had been worked out, the brazing was very straightforward and 
yielded a high percentage of acceptable cartridges. Step (10), collapsing of the cartridge, 
was decided upon when it was realized that these cartridges might breathe unless a con- 
stant pressure could be maintained within the cartridge, even though the coefficiants of 
expansion of the uranium and aluminum were different. For details of this calculation, see 
Warner.’ 

Since the cartridge temperature was to change from essentially room temperature to 
350°C with an associated 1-in. elongation, the cartridge had to be anchored somehow to the 
graphite structure to prevent “walking” of the assembly under reactor operating conditions. 
These considerations resulted in step (11). 

One of the advantages of a long cartridge is that it is possible to attach to it a conduit 
through which a constant gas-pressure may be maintained on the interior of the cartridge. 
It should thereby be possible, by proper manifolding and pressure-measuring devices, to 
determine a leaking cartridge before serious difficulties develop. For this reason, a 40-ft 
so-called “helium” tube was brazed to each of the cartridges. The final leak test, step (13), 
consisted of pressurizing with helium the interior of the finished assembly while it was in 
an evacuated tube. A leak in the cartridge would result in the escape of gas to the evacu- 
ated tube which was under constant surveillance by a helium mass spectrograph. This test 
was extremely sensitive in that the over-all pressure differential between the interior and 
exterior of the cartridges was of the order of 100 psi. Figure 3.5.4 is an assembly drawing 
of the completed cartridge. 


DEVELOPMENT WORK 


Final design of the unit elements was determined by a number of tests on the components, 
one of the most important of which was a study of the interaction of uranium and aluminum 
at elevated temperatures. Since this fuel element was to be operated at a 350°C uranium- 
aluminum interface temperature, some barrier had to be evolved. Experiments performed 
at Brookhaven and MIT indicated that if aluminum were anodized the reaction between ura- 
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nium and aluminum did not take place even over one month at temperatures as high as 
550°C. The subsequent development of a method for anodizing the interior of a 12-ft-long 
tube to a thickness of 0.6 mil is described in detail by Warner.” 

Since the weight of the uranium must be supported by the rather fragile fins, the factor 
of safety was determined by engineering tests‘ using loads two, three, four, six, and eight 
times that expected at the operating temperature (350°C), 


CORROSION OF ALUMINUM JACKET IN AIR 


Since this element was to be cooled by air known to contain a small amount of salt, a 
number of corrosion tests were conducted at 350°C. In these tests, a mist of air and salt 
water, which was held above the dew point even though salt was being deposited, was 
passed over the finned cartridge. No corrosion was observed under these conditions. 

The corrosion behavior of aluminum in air at 400’, 450°, and 500°C has also been de- 
termined. The weight gains {o date are 0.5 mg/in.? for 6500 hr, 1.1 mg/in.? for 6500 hr, 
and 1.4 mg/in.” for 4828 hr of exposure. Weight-gain curves’ show that the weight gain 
has leveled off for the 400° test but is still rising for the 450° and 500° tests. 


REFERENCES 


1. E. J. Boyle and C. D. Cagle, Fuel Elements for ORNL Graphite Reactor, Oak Ridge Nat. Lab., CF-526-10. 
2. W. T. Warner, Brookhaven Nat. Lab., BNL-54, May 1950 (classified). 

3. HKF-4 (classified). 

4. TID-5061 (classified). 

5. BNL Log No. C-6032. 


460 


CHAPTER 3.6 


Circulating Systems 


DESIGN CONSIDERATIONS IN REACTOR CORE 


RADIAL POWER DISTRIBUTION 


For most design purposes, the radial flux distribution over the active core of a cylin- 
drically loaded reactor can be assumed to follow the Bessel function J) (2.405 r/R), where 
r is the distance from the central axis and R is the augmented radius of the reactor. Be- 
cause of the effect of neutrons from the reflector, there is a slight perturbation in flux 
near the edge of the loading as shown in Fig. 3.6.1. From a heat transfer and pressure 
drop point of view, the ideal power distribution would be where the heat released per unit 
volume equalled any radius of loading. This is probably not a realistic case because load- 
ing of fissionable material to obtain such an ideal power distribution would be exceedingly 
difficult. However, it is possible to flatten the radial power distribution significantly by 
nonuniform loading of the reactor with fissionable materials. 

Two design methods devised for flattening the radial thermal flux are shown in Table 
3.6.1. 


AXIAL (LONGITUDINAL) POWER DISTRIBUTION 


The shift in position of maximum flux owing to a separation of 2.75 in. between 25- x 
20- x 12.5-ft halves of a typical unenriched reactor is shown in Table 3.6.2. The radial 
flux distribution is estimated to vary as a sine function between this point of maximum 
flux and a zero point 1.5 ft from the low-flux end of the fuel elements. 


HEAT TRANSFER AND PHYSICS 


Large heat-transfer area per unit volume of reactor is obtained with flow passages of 
small hydraulic radius. Because of the limited heat capacity of a gas, however, small 
fluid-flow passages necessitate a “pancake” reactor configuration (high ratio of diameter 
to flow passage length) which results in unfavorable geometry from a nuclear and shielding 
standpoint. Engineering problems are greatly decreased if relatively large passage diam- 
eters are employed. This, however, implies an increase in reactor dimensions. As the 
passage diameters are decreased, the length of the heated passages decreases for a fixed 
temperature rise of the fluid at fixed mass velocity and fixed pressure drop. The frontal 
area required for flow is not changed, however. The total frontal area of the reactor can 
be decreased by increasing the mass velocity (by increasing the linear velocity or in- 
creasing the gas density) or by increasing the fraction of the reactor frontal area which is 
utilized for fluid flow. From a heat-transfer standpoint, it is desirable to utilize all of the 
reactor frontal area for flow passages. From a nuclear standpoint, however, this is im- 
possible, and a compromise must be achieved, but in the present state of the art, no 
“optimum” solution of the problem is apparent. The best approach is to set up several 
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RELATIVE THERMAL NEUTRON FLUX 


BUCKLING = 70 x10°© sq.cm 
—~——— BUCKLING = 60x10 8sq cm 


FRACTION OF LOADED RADIUS 


Fig. 3.6.1— Radial Thermal Flux Distribution for a Uniformly Loaded, Un- 
enriched, Cylindrical Reactor With Reflector. Reprinted from BNL-152, Jan. 


1952. 
Table 3.6.1—Methods of Flattening Radial Thermal Flux 
Method Where applied 
‘*Bowing’’; increasing the ratio of X-10 reactor (thermal), Oak Ridge 


uranium to reactor volume aS a 
function of loading radius 


Poisoning central portion of reactor Brookhaven reactor (thermal) 
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Table 3.6.2—Shift of Position of Maximum Axial Flux Caused by Gap at 
Center of Unenriched Uranium Reactor 


(I. Kaplan and J. Chernick, The Brookhaven Nuclear Reactor: Theory and 
Nuclear Design Calculations, BNL-152, Jan. 1952) 


Position of maximum axial flux 


Radius of loading, ft (distance from central plane), ft 
9.52 2.31 
10.41 2.08 
Li.2! 1.90 
11.95 1.77 
12.64 1.66 
21.0 


20.0 


19.0 


18.0 


LENGTH OF CUBICAL REACTOR, ft 


17.0 


FREE FLOW RATIO 


Fig. 3.6.2— Critical Length of a Bare, Cubic, Unenriched-uranium, Graphite- 
moderated Reactor as a Function of Channel Area. Reprinted from BNL-152, 
Jan. 1952. Lattice dimension, 8 in.; aluminum-uranium volume ratio, 0.2; 
radius of fuel rod in channel, 1.40 cm. 


hypothetical designs on the basis of known requirements of gas flow, temperature rise, 
and pressure-drop range, make certain basic assumptions, and then study the effects of 
the introduction of the several variables in turn. 

The effect of varying parameters is illustrated in Fig. 3.6.2 for an unenriched-uranium, 
graphite-moderated reactor. (For background information on the latter figure refer to 
BN L-152.) 


STRAIGHT-THROUGH VS SPLIT-FLOW DESIGN 


Because of the nature of the sinusoidal flux pattern in the axial direction in cylindrical 
reactors, considerable study has been given to designs that permit the coolant gas to enter 
a reactor at the center between halves of the cylinder. The gas then distributes itself from 
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the central header through the fuel-containing passages. Compared to a straight-through 
reactor, the cooling gas in such a “split-flow” design must travel only half as far (dis- 
counting the length of flow path down the central header). In addition, the coolest gas is 
supplied to the point where the heat generation per pound of uranium is greatest. Such an 
arrangement permits reactors of the same longitudinal length as the straight-through type 
to have smaller radii of loading (smaller uranium investment) for the same gas-pumping 
power because of the smaller free-flow area required. Thus, shield diameters and possi- 
bly shield weights are somewhat smaller with split-flow design than they are with straight- 
through design. Reactor designs with L/D ratios <1, so-called “pancake” reactors, have 
the same advantage of shortening the length required for gas flow and, when the proper 
L/D ratio is selected, have a smaller uranium investment than straight-through designs 
although the shielding diameter is greater than that of the split-flow type. The effect of 
varying the L/D parameter is illustrated in Table 3.6.3. 

For the same pumping power and reactor loading in unenriched-uranium experimental 
reactors, a significantly greater flux level can be obtained with the split-flow design. One 
split-flow reactor now operating has a power level eight times higher than a similar type 
of reactor with straight-through design while the pumping power is only four times as 
high. The effect of the gas header in the center of the split-flow reactor is shown in 
Fig. 3.6.3 as a function of gap width for an enriched-uranium reactor in terms of U*™ 
requirement. Figure 3.6.4 shows a similar effect for an unenriched, graphite- moderated 
reactor. 

Two methods have been devised for reducing over-all pressure drop in straight-through 
reactors so that they can compete with the split-flow type. These are: 

1. Use of lower volume ratios of fuel elements to coolant in the entrance region of the 
reactor where the coolant is at a lower temperature. 


2. Use of variable-area flow channels with smaller area where a higher heat-transfer 
coefficient is desired. 


FLAT-PLATE REACTOR 


Another design flow configuration which takes advantage of shorter flow paths and 
higher temperature driving forces between fuel element and coolant is illustrated in 
Fig. 3.6.5. The gas enters along the central axis of the cylinder and fans out along the 
radii. A comparison of reactor diameter and solidity for this and the straight-through 
types of reactor is shown in Fig. 3.6.6 for a pressure drop of 2.97 atm and an initial 
pressure in each case of 10.97 atm. 


FOLDED REACTOR 


A fourth configuration, not as yet fully developed, for gas flow through reactors, uses 
very short heat-transfer passages of small diameter. The fuel elements of such a reac- 
tor would consist of layers of fine-mesh wire screening or other suitable mechanical 
arrangements for obtaining large surface-to-volume ratios and small diameter passages. 
The arrangement shown in Fig. 3.6.7 would allow the coolant to flow down a header of 
constantly decreasing width inside the reactor and to split off from the main stream as 
needed for fuel-element cooling. 

Table 3.6.4 presents calculated comparisons! of through-drilled and folded configura- 
tions. The calculated pressure drop includes friction and turning losses for both power 
levels. The pressure drop owing to acceleration upon heating was negligible for the 


60,000-kw reactor but was significant for the high mass-flow rate for the 750,000-kw 
reactor. 


‘Reference appears at end of chapter. 
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Table 3.6.3——Uranium Inventories for ‘‘Pancake’”’ and Split-flow Air-cooled 
Reactors with 5-in. Reflector 


(NEPA Project quarterly Project Report for the Period July 1,—Sept. 30, 1950; NEPA-1587) 


‘*Pancake’’ reactors Split-core reactors 
Core Ratio Core Ratio of Core 
Free-flow volume, length to diameter, Free-flow length to diameter, Free-flow 
area, ft? ft? diameter ft ratio us ib diameter ft ratio u™* Ib 
3 12.3 0.41 3.36 0.34 210 0.9 2.58 0.287 82 
3 16.3 49 3.48 315 12 9 2.85 «235 65 
3 21.2 56 3.64 -288 49 9 3.1 20 50 
3 29.0 68 3.78 -267 41 9 3.45 16 47 
6.55 29.0 -325 4.83 36 160 9 3.45 35 110 
6.55 40 45 4.84 356 75 9 3.83 284 80 
6.55 50 095 4.87 39 54 9 4.13 24 70 
6.55 70 -65 5.16 313 38 9 4.63 2 64 
15 70 275 6.87 4 200 9 4.63 445 155 
15 100 33 7.28 36 115 9 5.21 35 120 
15 150 48 7.36 35 100 9 5.96 27 115 
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Fig. 3.6.3— Effect of Gap Width on Critical Size for an Enriched-uranium Re- 
actor. 
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CRITICAL SIZE OF CUBICAL PILE, ft. 


> 
GAP WIOTH,jin. 


Fig. 3.6.4 —Effect of Central Transverse Gap Width on Critical Size for 
Cubical, Graphite-moderated, Natural-uranium Reactor. Submitted by BNL, 
Sept. 1952. 
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Fig. 3.6.5—Schematic Drawing of a Flat-plate Reactor. Reprinted from 
NAA-SR-5, May 7, 1948. 


9.2 


4.8 


44 
i 

. 

LJ 
4.0 
s 

= 

oO 
ae 
E STRAIGHT THROUGH REACTOR 
(@) 

Hy 

» & 

tt 3.2 
© 

Pal 

uj 

a | 
«28 
= 

©O 

q 

iJ 

a 


2.4 


FLAT-PLATE REACTOR 


2.0 


20 30 40 SO 60 TO 80 90 
SOLIDITY, % 


Fig. 3.6.6—Comparison of Reactor Diameter and Solidity Requirements for 
Straight-through and Flat-plate Designs. Reprinted from NAA-SR-5, May 7, 
1948. Based on the following conditions: Heating —466 lb/sec air from 1216°R 
to 3073°R; entrance pressure —10.97 atm; exit pressure —8.0 atm; and reactor 
wall temp. = 4091°R. 
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Fig. 3.6.7—Schematic of Folded Reactor. Submitted by BNL, Sept. 1952. 


Table 3.6.4— Comparison of Through-drilled and Folded Configurations 


(R. W. Dayton et al, A High-Power-Density Gas-Cooled Reactor Core Configuration, 
BMI-T-27, May 15, 1950) 


STS 


750,000-kw reactor 
(15-psia press. drop) 


60 ,000-kw reactor 
(2-psia press. drop) 


Characteristic Straight Folded Straight Folded 


Coolant passage length, in. 2 | 4 6 48 
Approximate hole diameter, in. 0.12 0.0055 0.010 0.017 | 0.30 
Approximate plate solidity, % = 920 930 | 935 ec 
Convective temperature drop, °F 80) 13 30 60 640 
Conductive temperature drop, °F 60 | 1 1 1 700 
Pressure, psia 1500 
Reactor volume, cu ft 64 
Solidity, % 80 
Coolant Helium Helium 
Moderator Beryllium Beryllium 
Coolant exit temperature, °F 1,000 2,000 
Coolant entrance temperature, °F 400 400 
Coolant average temperature, °F 700 1200 
Coolant viscosity, lb/(ft)(sec)(°F) 22x 1078 28 x 1078 
Coolant thermal conductivity, 

Btu/(ft)(sec) (°F) 41.5 x 1078 52.5 x 1076 
Moderator thermal conductivity, 

Btu/(ft)(sec) (°F) 0.0067 0.0032 
Coolant flow rate, lb/sec 


79.9 355 


i a 
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The convective temperature drop determines the surface temperature of the wall ma- 
terials, while the conductive temperature drop is the cause of thermal stresses. 


DESIGN CONSIDERATIONS IN EXTERNAL CIRCULATING SYSTEM 


The use of high pressures and high temperatures, the desirability of small pressure 
losses in the system external to the reactor, and the potential hazard of radioactivity in 
the circulating gas call for special designs for several of the components of the system 
external to the reactor. These special design features are described below. 


COMPRESSORS AND GAS TURBINES (ALLIS-CHALMERS 
MANUFACTURING CO.) 


As discussed in Chap. 3.2 on thermal cycles, the gas turbine represents a highly effi- 
cient method of utilizing power from a gas-cooled reactor when pressures of the order of 
2000 psi and exit gas temperatures (from the reactor) in excess of 1100°F are used. 
Figures 3.6.8 and 3.6.9 are sectional drawings of the turbines and compressors illus- 
trating the general construction of the casings and rotors. 

The entire gas-turbine unit, consisting of both turbines, both compressors, and starting 
motors, is contained in a continuous casing which seals the unit against leakage of gas into 

‘the machinery space. This casing is of the barrel type, with no longitudinal joint because 

of the high internal pressure involved, and is built in sections with circumferential flanges 
for assembly. An inner case, split longitudinally, carries the stationary blades, stationary- 
shaft seal members, bearings, and the like and is assembled with the rotor before it is | 
inserted in the outer or pressure casing. 

The high-pressure and low-pressure compressor rotor is a three-bearing unit, the 
center bearing being a combination thrust and journal bearing to take the thrust of the 
compressors and the high-pressure turbine. The high-pressure turbine rotor is a two- 
bearing unit and is connected to the compressors by a thrust-transmitting type of flexible 
coupling. This consists of a gear-tooth coupling to transmit the torque and a long, ball- 
end rod to transmit thrust and provide the required flexibility. To facilitate assembling, 
the thrust rod extends through the high-pressure compressor rotor and is connected to it 
at the low-pressure end. The starting motor is a two-bearing unit connected to the low- 
pressure compressor by an over-running clutch. The low-pressure turbine rotor is 
overhung, has one bearing, and is connected between the rotors of the low-pressure and 
high-pressure turbines. | 

Stepped labyrinth glands are used to reduce leakage along the shaft between elements, 
Adjacent glands of the compressors are in series, the gas leaking from one gland through 
passages in the bearing housing and back into the system through the other gland. This 
leakage is very small, owing to the small total pressure difference (about 14 psi) across 
the two glands. The series arrangement of glands is also used between the high-pressure 
compressor and high-pressure turbine and between the two turbines. The starting motor 
is totally enclosed and operates at the same pressure as the low-pressure compressor 
inlet; therefore, the gland at this point will pass only the gas required to seal the bearing. 


SHAFT SEALS 


Two types of shaft bearings have been considered, an oil-lubricated bearing and a gas- 
operated bearing. The oil-lubricated type requires an effective seal to prevent contamina- 
tion of the gas by the lubricant, whereas the gas type, using helium from the system as 
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the actuating gas, eliminates the contamination problem entirely. An oil-lubricated journal 
is shown in Fig. 3.6.10. It consists essentially of the bearing with an oil seal and a gas 
baffle on each side. It is provided with a separate oil tank, oil cooler, and contaminated- 
gas discharge pump, all sealed into the system. Since the shaft bearings operate in areas 
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Fig. 3.6.10—Oil-lubricated Journal-bearing System for High-pressure Helium 
Gas Turbine. Reprinted from NP-1522, May 1, 1950. 
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Fig. 3.6.12—Piston-ring-type Slip-expansion Joint. Reprinted from NP-3683, 
Feb. 15, 1952. 
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Fig. 3.6.13— Heat-exchange System for High-pressure Gas to Steam. Re- 
printed from NP-3683, Feb. 15, 1952. 
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of different pressures, a complete oiling system is provided for each bearing or pressure 
level. Oil is supplied to the bearing by the pump and discharged into an annular space 
around the bearing; thence, it goes back to the tank and cooler. A small positive-displace- 
ment pump on the same shaft as the oil pump is used to meter a small quantity of gas 
through the gas baffles. This gas picks up any slight oil leakage by the seal rings and 
delivers it to a purifying system where the gas is purified and returned to the system at 

a lower-pressure point. Because of the low pressure differentials involved and the 
metering characteristics of the displacement pump, the quantities of oil and gas thus 
removed are very small. It is estimated that the oil loss is about 40 cc/hr per seal, which 
can be replaced by means of a hand pump. 

A gas bearing (as well as a combination thrust and journal bearing) is shown in Fig. 
3.6.11. The journal bearing consists of four pockets, as shown in section “AA,” to which 
high-pressure gas is admitted through individual orifices, and from which the gas is dis- 
charged through the annular clearance space between the sides of the pockets and the shaft. 
Since the leakage area from each pocket depends upon shaft position, any transverse shift 
of the shaft will alter the gas pressure in the pocket and provide a restoring force to re- 
center the shaft. The thrust bearing operates on the same principle, except that the annu- 
lar pockets are continuous and the gas is discharged through the clearance areas at the 
inner and outer diameters of the bearing. 


BLOWERS FOR HIGH-PRESSURE COOLANT GAS 


A totally enclosed induction-motor-driven blower circumvents the helium leakage prob- 
lem. A shaft seal similar to that used on the gas turbine can be used to seal the motor 
enclosure from the main helium stream inside the blower. Some consideration has also 
been given to the use of a turbomagnetic drive operating in a balanced-pressure system 
and to the use of a unipolar design. 


PIPING EXPANSION JOINTS 


A preliminary design of a piston-ring-type slip-expansion joint is illustrated in 
Fig. 3.6.12. 


HEAT EXCHANGERS 


For high-pressure helium in the gas-turbine-cycle design, the precooler, intercooler, 
and regenerator units may all be two-pass, counter-flow, tubular heat exchangers provided 
with “U” tubes to eliminate floating tube-sheets or expansion problems. For the precooler 
and intercooler under conditions where the fouling characteristics of water are a potential 
problem, the gas should be in the shell and the water in the tubes. If, however, the fouling 
possibilities are negligible, the coolers can be made smaller and lighter by having the 
water in the shell and the gas in the tubes. To transfer heat from high-pressure gas to 
steam, heat exchangers such as those illustrated in Fig. 3.6.13 may be used. 


REFERENCE 


1, R. W. Dayton, et al, BMI-T-27, May 15, 1950 (classified). 
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Economic Comparison of Gas Coolants 


The evaluation of various coolants from only a heat-transfer consideration can be made 
by considering the relationships involving: 

1. Pressure drop in coolant flowing through the system. 

2. Work required to pump coolant through the system. 

3. Heat balance (rate of heat removal by the coolant = rate of heat transfer to the cool - 
ant). 

4. Empirical correlations of the heat-transfer coefficient to the physical properties of 
the fluid. 

5. Empirical and theoretical correlations between physical properties. 
The above basic considerations lead to equations that express the relationship between 
reactor output, heat generated in reactor, physical properties of the coolant, and design 
and operating variables of the system. Examples of such equations are given in Table 
3.7.1, and the nomenclature is defined in Table 3.7.2. 


Table 3.7.1— Typical Equations Involving Coolant Properties 


Equation Source Eq. No. 
a FFF Fo in. F, Th a or —1 V2(y— eae MonN-299 (1) 
eC “at caamcbers | NP-155 2) 
a ba E +B (cen) (1/n°-2)-2 MonN-157 (3) 
Q 


Equation (1) has the term y/y—1V (9y75)/[2(y—1)mw] which is the only term dependent on 
the coolant used. Table 3.7.3 shows by means of Eq. (1) the ratio of reactor thermal output 
obtainable with various gases compared to that obtainable with air as 1.0 for a fixed reac- 
tor size and cross-sectional flow area. The tabulation is based on the same operating pres- 
sures, temperatures, and percentage of blower power using room-temperature values of y. 

In Eq. (2), the term (n/CZ d*kPr®-4 = X) depends on the properties of the coolant. In 
Table 3.7.4 this physical-property group is evaluated for various coolants at 0°C and 1 
atm and compared with hydrogen. A low value is desirable for this group to keep the pump- 
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Table 3.7.2—Table of Nomenclature 
Meaning 


Constant not dependent on properties of gas 

Total gas passage area 

Constant not dependent on properties of gas 

Heat capacity at constant pressure or volume 

Heat removed per unit of energy removed 

Ratio of pressure drop of system to pressure drop in reactor 

Factor that takes into account pressure drop in reflector, end 
losses, acceleration, and eddy-current effects 

Ratio of maximum rate to average rate of power generation 
at control plane of reactor perpendicular to gas flow 

Ratio of maximum rate to average rate of power generation 
along central channel 

Acceleration of gravity 

Conversion constant 

Thermal conductivity 

Rated output of the reactor 

Length of heat-transfer passage 

Molecular weight of coolant 

Operating pressure of reactor 

Prandtl number (C, /K) 

Rate of heat removal 

Ratio of thermal power required for blower to thermal out- 
put of reactor 

Permissible uranium surface temperature rise above entering 
gas temperature 

Average temperature difference between wall of heat-transfer 
passage and bulk temperature of coolant 

Temperature rise of coolant in passing through reactor 

Temperature of coolant going to boiler 

Average temperature of gas at center of reactor 

Volume of reactor occupied by coolant 

Work required to pump the coolant 

Ratio of C, to Cy 

Efficiency of conversion of thermal energy required to drive 
blower to gas-pressure energy produced by blower 

Viscosity of gas film 

Density of gas 

Temperature difference between reactor material and gas 

at center of reactor 


Dimension 


sq ft 


Btu/(1b)(°F) 


ft/sec’ 
ft-lb/Btu 
Btu/(hr)(ft)(°F) 
kw 

ft 

lb/lb-mole 
atm 


°F 


°F 
°R 
°R 
cu ft 


Btu/hr 


lb-hr/ft 
Ib/cu ft 
°F 
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Table 3.7.3 — Effect of Type of Gas Coolant on Specific Power of a Reactor 
(A. Amorosi, Heat Transfer in Gas-cooled Piles, MonN-299, May 29, 1947) 


Specific power 
Molecular y* = 1.67 y* = 1.40 y* = 1.33 


Gas weight (monatomic) (diatomic) (triatomic) y*=1.31 y*=1.23 y* =1.17 
Hypothetical gas 2 2.4 3.8 
H, 2 3.8 
He 4 1.7 
Hypothetical gas 10 1.1 1.7 2.2 
CH, 16 1.8 
H,O 18 1.4 
HF 20 1.2 
N, 28 1.0 
Air 29 1.0 
C,H, 30 1.8 
O, 32 1.0 
Hypothetical gas 100 0.3 0.5 0.6 
P, 124 1.2 
Hg 200 0.24 


*y = specific-heat ratio 


Table 3.7.4— Values of the Physical-properties Group for Gas Coolants 


(E. R. Gilliland, D. Bareis, and G. Feick, Heat Removal trom Nuclear Reactors, 
NP-155, Feb. 9, 1949) 


Gas n/Ch, @kPr®-* = x* X/Xyp, 
H, 652 1.0 
D, 1,313 2.0 
CoH, 1,850 2.8 
C,H, 2,325 3.6 
CCl1,F(Freon-11) 2,680 4.1 
CH, 2,770 4.25 
NH, 2,880 4.4 
He 3,315 5.1 
H,O 5,040 7.7 
CO, 6,560 10.0 
HS 6,635 10.0 
HF 6,700 10.0 
SO, 7,570 11.6 
Air 8,150 12.5 
N, 8,740 13.4 
co 9,030 13.8 
NO 9,550 14.6 
O, 9,600 14.7 
HCl 11,540 17.7 
F, 13,000 20.0 
Cl, 13,670 21.0 
Xe 106,000 162.6 
Hg 161,700 248.0 


* Turbulent flow 
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ing power and the volume of the heat-transfer passages at a minimum. Since the tempera- 
tures and pressures in both the reactor and pump would be above O°C and 1 atm, the values 
should be corrected for actual operating conditions. 

Equation (3) contains the term (a°C3), the cooling-efficiency index, which depends on the 
properties of the gas; the term (Cpm/k) is nearly the same for all gases. The cooling- 
efficiency index is evaluated in Table 3.7.5 for various gases. 


Table 3.7.5— Cooling-efficiency Index of Gases at 100°C and 1 Atm. 


(M. C. Leverett, Gas-cooled Piles, Chap. 3 in ‘‘Graphite Uranium 

Production Piles,’’ edited by L. B. Borst, National Nuclear Energy 

Series, Division IV, Volume 5, U. 8. Atomic Energy Commission, 
Technical Information Service, Oak Ridge, Tenn., 1951) 


Gas d, gm/1 C,, cal/gm ac 


H, 0.066 3.43 0.18 
He 131 1.25 030 
co, 1.45 0.20 .017 
Air 0.95 24 .018 
sO, 2.14 14 013 
CH, 0.53 59 .0058 


H,O .598 48 0040 


Table 3.7.6—Thermal-neutron-absorption 
Cross Section for Gas Coolants 


Element Cg thermal 
Helium 0.000 
Deuterium 001 
Oxygen .001 
Carbon .004 
Fluorine 01 
Hydrogen .32 
Sulfur 49 
Argon 1.2 
Nitrogen 1.7 
Chlorine 35 
Mercury 430 


These three methods of evaluating heat-transfer properties lead to certain inconsisten- 
cies (e.g., methane compared with air). This may result from evaluation of the parameters 
at different temperatures and from various assumptions as to the “ideality” of the prop- 
erties of the gas. Equation (2) would seem to be the most reliable, since it is based on 
fundamental thermodynamic and heat-transfer principles. It contains no approximations, 
such as correlations between physical properties, except for the heat-transfer coefficient. 
The foregoing calculations based on Eqs. (1) to (3) are order-of-magnitude calculations 
and as such should not be applied to design work without modification. 

The selection of the most desirable gas coolant for a particular reactor depends not only 
on the pumping power required but also on the nuclear characteristics of the coolant, its 
thermal and chemical stability, and the reactor application. The thermal-neutron cross 
sections of some of the elements, compounds, and mixtures considered in Table 3.7.4 are 
given in Table 3.7.6. Decomposition under irradiation and lack of chemical and thermal 
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stability rule out many of the coolants listed in Table 3.7.4. For the general case, the 
choice narrows down to four coolants: helium, carbon dioxide, steam, or air. Although 
air requires about twice the pumping power used for the other coolants, the fact that 
recycling is not necessary with air makes it the preferred coolant in many cases. How- 
ever, because of the high cross section of nitrogen (1.7 barns), air can absorb a con- 
siderable fraction of excess k and is not a satisfactory coolant at high pressures for any 
but enriched reactors. The air in a typical unenriched graphite-moderated reactor ata 
pressure slightly below 1 atm absorbs approximately , percent in k (see Table 3.8.2). 
Figure 3.7.1 indicates that, for a given reactor, the power per unit of fissionable material 
is higher with helium than with air. This plot applies for the following conditions:* 


Outlet temperature = 3000°K 
Outlet pressure = 10 atm 
Outlet mach number = 0.5 
Tube length = 36 in. 

Void space = 25% 


POWER DENSITY. kw/cc 


0 ol 2 J 4 Re) 6 ag 8 9 1.0 
ENTRANCE TO EXIT TEMPERATURE RATIO 


Fig. 3.7.1— Power Density vs Entrance-to-Exit Temperature Ratio. Submitted 
by North American Aviation, Inc., June 11, 1948. 


*A.S. Thomson, NAA-8R-11, June 11, 1948 (classified). 
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CHAPTER 3.8 


Radioactivity in Coolants 


Activity in a reactor coolant varies directly with the reactor power level, directly with 
the volume of coolant in the reactor, and inversely with the U*** concentration in the reac- 
tor. The chief sources of induced radioactivity are (1) reactions of neutrons with the cool- 
ant or with impurities in the coolant and (2) diffusion of fission products into the coolant 
stream. 


INDUCED ACTIVITY IN COOLING AIR (M. E. Smith) 


Of the gaseous coolants that might be used in a reactor, only air is likely to be deliber- 
ately discharged continuously in an Open-cycle system. Elements in the air which become 
radioactive may thus constitute a routine problem that must be solved by the design of the 
installation and/or the operating program. 


RADIOACTIVE GASES IN REACTOR COOLING AIR 


Radioargon is the most abundant radioactive product in the air discharged from an air- 
cooled reactor. Formed from the A“ that comprises about 1 percent of the normal atmos- 
phere, A“! is a beta-gamma emitter with a half-life of 110 min. Because of the rapid natu- 
ral decay of radioargon, however, the area receiving significant radiation from radioargon 
is relatively small, and since argon is chemically inert, assimilation of the radioactive gas 
by biological processes is not possible. 

_  Carbon-14, although less abundant than A‘! by a factor of about 104, presents a greater 
potential hazard because of its long half-life (5000 yr) and the role of CO, in biological 
processes. In the design of most reactors, however, Cc emission would not constitute a 

serious problem. 


A‘! EMISSION AS A FUNCTION OF REACTOR PARAMETERS 


The rate of radioargon production is dependent on the volume of air exposed to the neu- 
tron flux. In practice, it is usually necessary to calculate the A“! production rate for two 
or more different sections of the reactor based on both the volume and mean flux of each 
section. The sum of these production rates multiplied by the decay constant is the A“! 
emission rate (Q). 

The A“! emission rate (Q) is nearly constant for a given power level since the half-life 
is long compared with the time of passage through the reactor. The stack concentration 
(x5), however, varies with the air flow. 


SAMPLE CALCULATION OF A“ EMISSION RATE 


The following calculation was made for the Brookhaven reactor. The rate of activation 
(R) is given by: 
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R=f{V Noa | (1) 


where V = volume of the section 
f = average neutron flux over V 
N = number of A‘° atoms/cu ft 
0, = activation cross section (0.6 barn) 


In the case of the Brookhaven reactor, it was necessary to consider three separate volumes 
(see Table 3.8.1) to obtain the total activation rate of 24.2 x 10'? A“! atoms/sec. Using a 
value of 1.07 x 107‘ sec™! for the decay constant, calculation of the A“! emission rate (Q) 
yields a value of 6.94 x 107 c/sec, or 6 x 10° c/day, at the full power of 30 mw. The air 
flow at full power is 300,000 cfm, which gives a specific activity in the stack of 13.9 x 10° 
c/cu ft (4.9 x 107! c/em). 


Table 3.8.1— Rate of Activation (A“!) in Brookhaven Reactor 


Channels Plenum chambers Graphite voids 
f, n/(cm?)(sec) 2.1 x 10! 1 x 101! 2.1 x 10% 
V, cm? 1.44 x 10’ 3.14 x 108 8.98 x 10° 
R, A‘! atoms/sec 2.92 x 101? 3.04 x 10! 18.2 x 10% 


ATMOSPHERIC DISPERSION OF RADIOACTIVE GASES AND PARTICULATES 


The release of radioactive effluent to the atmosphere often provides a convenient means 
for disposing of one of the many wastes associated with the operation of a nuclear reactor. 
Atmospheric turbulence will normally accomplish a sufficiently rapid reduction in concen- 
trations to render even a very “hot” effluent harmless at a short distance. However, in 
planning an air-cooled reactor, it must be noted that the rate of dilution in the atmosphere 
varies tremendously, both in magnitude and character, and that the size and shape of the 
building complex and the stack parameters will influence the behavior of the effluent stream 
close to the source. These two aspects of the dispersion problem, called’ “aerodynamic” 
and “meteorological,” respectively, provide a convenient breakdown ‘and will be treated 
separately. 


AERODYNAMIC FACTORS 


In the vicinity of the installation, the effectiveness of a stack in reducing ground-level 
radiation will be determined by many factors that are under at least partial control of the 
design engineer, The aerodynamic factors discussed here should be applicable to identical 
installations in different locations subject to differences in local climatological distribu- 
tions of wind, temperature, and stability. 


Effluent Temperature and Speed 


The stream of cooling air ascending vertically from a stack into a horizontal wind field 
generally may be expected to rise to some level above the stack top before assuming hori- 
zontal motion. This results from the upward momentum of the effluent and from the buoy- 
ancy of the warm gases ejected into cooler ambient air. This rise of stack effluent is 


1References appear at end of chapter. 
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limited, however, by the increase in turbulence with increasing stack speed and the de- 
crease in effluent density with increasing temperature. The horizontal wind flow also re- 
duces the effectiveness of momentum and buoyancy. 

These effects have been investigated by a number of researchers, and a wide variety of 
theoretical and empirical formulas has been developed. Unfortunately, most of these stud- 
ies have been performed in wind tunnels, and corollary field investigations either have been 
lacking or have not been sufficient to establish the unquestioned superiority of a particular 
approach. 

Of the many possible choices, it is believed that the formulas presented by Bosanquet, 
Carey, and Halton’ offer the most promise. They have been found to agree reasonably well 
with a number of independent results. Their formula for “effective stack height” (the 
height above ground at which the plume levels off) is: 


- 4.7 ¥Qu, 8 >. 2 


where H = height of plume, ft 
Hs = stack height, ft 
v = wind speed, ft/sec 
u = gas velocity at exit, ft/sec 
Q = gas rate (at T,), cu ft/sec 
g = acceleration of gravity, ft/sec? 
T, = temperature at which density of flue gas equals that of the atmosphere, °C abs. 
A= pes sama difference between flue gas and T,, °C 
v VT; u 71) 
a ar = (0. 43 — u EG —0.28 — ma +1 
G = gradient of ‘accu potential temperature, C/tt 


It should be noted that the third term of Eq. (2), which is associated with the buoyancy 
effect, will give a maximum value only when the atmosphere is stable and the potential tem- 
perature increases with height. In unstable cases, the warm effluent would theoretically 
remain warmer than the surrounding air, and the plume would continue to ascend. Thus, 

Hs is theoretically greater in unstable cases than in stable cases. 


Buildings and Local Terrain 


The presence of obstacles in a horizontal wind flow results in localized eddy patterns 
which must be considered in the design of cooling-air disposal systems. These eddies may 
be generated by either buildings or terrain in the immediate vicinity of the stack. The most 
common feature of such artificial turbulence is the presence of one or more “standing ed- 
dies” which may cause considerable down-wash in the lee of the obstacle. 

The height and horizontal position of a stack in relation to the buildings must be such that 
the effluent plume will not be entrained in the localized eddy pattern. This problem has 
been recognized for many years, and the “rule of thumb” that a stack must extend to a 
height two and one-half times that of the building structure has often served to eliminate 
the difficulty. Recent evidence obtained from wind-tunnel and field tests indicates that even 
this ratio may be inadequate in some cases. No reliable rules are available to specify the 
correct relation of stack height to building dimensions and shape. Wind-tunnel tests are the 
only means of investigating the flow around a particular building and terrain complex. 

It is advisable to locate a reactor in an area in which no additional construction is con- 
templated to avoid the possibility of undesirable changes in flow resulting from new struc- 
tures. 
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Stack Design 


Relatively little attention has been devoted to the shape and flow characteristics of stack 
tops. The eddies produced by the stack itself have been known to cause down-wash with high 
wind speeds, in some cases resulting in an effective stack height significantly lower than 
the stack itself.° 

The effective stack height can be increased significantly by proper design of the stack 
top.‘ In a series of wind-tunnel tests conducted jointly by the Consolidated Edison Company 
of New York and the College of Engineering, New York University, the uniformity of the gas 
velocity across the stack orifice was found to be the most important factor; the more uni- - 
form the velocity profile, the greater the effective stack height. Davidson also reports that, 
although shaping the stack to hide an internal nozzle was detrimental, a stack top having a 
Semielliptic nozzle facing into the wind increased the effective stack height about 25 percent. 


METEOROLOGICAL FACTORS 


At some distance from the source, the initial parameters related to emission become 
unimportant, and subsequent dispersion of a gaseous effluent becomes entirely a function 
of natural meteorological processes. Despite the fact that the engineer has little control 
over the latter, an installation can be designed and located to take the best advantage of 
these processes. Although precise estimates of ground-level concentrations are not yet 
possible even over level terrain, the qualitative aspects of dispersion are well understood. 

It should be noted that there is evidence showing that the condition of the vegetation and 
soil has an effect on convective eddies, and the engineer may find it possible to control the 
meteorological conditions slightly. 

Atmospheric turbulence is generated by both frictional and thermal processes and is thus 
related to the roughness of the terrain, the horizontal wind flow, and the vertical tempera- 
ture structure near the ground surface. The effects of variations in these factors on the 
behavior of an effluent have received detailed attention in other publications. Most of the 
following discussion is based on experience with the 355-ft test-stack at Brookhaven 
National Laboratory; although minor differences in stack behavior may be expected in other 
locations, the general principles that follow are applicable to all stacks. 


Lapse Conditions 


On almost all sunny days a rapid decrease of temperature with height is found in the 
lower air layers, usually at a rate associated with instability (-1.0° to —2.0°C/100 m). 
Large, thermal eddies are present, causing portions of the effluent trail to be carried al- 
ternately to the ground and to levels above the stack at intervals of about 5 to 15 min (Fig. 
3.8.1). Wide horizontal oscillations are also present. With light winds (2 to 6 mph), these 
convective eddies predominate. Winds greater than 6 mph cause an increase in high-fre- 
quency frictional turbulence which is superimposed on the longer-period fluctuations. The 
dispersion is such that effluent is seldom present continuously at any point on the ground, 
at least within the first 50 stack-heights. Instead, puffs are carried over a given point on 
the ground at distinct intervals, the concentrations varying from high values to zero. 


Neutral Conditions 


During cloudy weather with winds equal to or greater than 10 mph, the air temperature 
generally decreases with height in the first 400 ft above ground at a rate of 0.0° to —0.7°C/ 
100 m. Turbulence is almost entirely frictional, high-frequency eddies predominating. The 
effluent is dispersed in a gradually widening cone that first reaches the ground at a distance 
of 10 to 30 stack-heights and is often present continuously at sampling points with much 
smaller variations in concentration than are found in lapse conditions. 
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Fig. 3.8.1— Dispersion in Unstable Air. Submitted by Brookhaven National 
Laboratory, May 1952. The oil-fog trail shows the effect of large convective ed- 
dies; a portion of the plume was brought to the ground 250 ft from the tower base. 
The wind speed was 3 mph, and the vertical temperature difference (T449’—Tsy’ ) 
was —1.0°C. 


487 


CHAP. 3.8 GAS-COOLED SYSTEMS 


Inversion Conditions 


The character of dispersion alters markedly when the air temperature increases with 
height. The effluent trail spreads out in a thin sheet that widens horizontally, but not ver- 
tically, down-wind of the source (Figs. 3.8.2 and 3.8.3). With a stack extending well above 
the terrain, no concentrations are detected at ground level, even at distances of several 
hundred stack-heights. 

The importance of the temperature inversion in stack dispersion is difficult to overesti- 
mate. Under these conditions, the rate of diffusion of the effluent is so small that high con- 
centrations within the plume are found at great distances. It is thus of great importance 
that the stack and buildings be designed so that the plume will extend above ground for a 
considerable horizontal distance, depending on the initial rate of emission. 

The preceding description refers primarily to surface inversions, in which the tempera- 
ture increases from the ground surface to a height of approximately 500 to 1500 ft. Similar 
inversions are found aloft, usually with an unstable layer of air between the ground and the 
base of the inversion. This results in the vertical confinement of effluent ejected into the 
unstable layer between the ground and the inversion, with a measurable increase in ground- 
level concentrations if the inversion lid is at a low level. In some areas, this meteorologi- 
cal situation is very common, the city of Los Angeles being the classic example. A definite 
relationship between radiation fog and the development of an unstable layer of air under an 
inversion lid has been found? indicating that the condition may occur frequently in localities 
where radiation fog is common. 


Transitory Conditions 


The foregoing paragraphs have dealt with meteorological conditions that predominate in 
many localities. There are at least two transitory effects worthy of mention. 

In the early morning hours following a clear, calm night, heating of the ground surface 
causes a layer of unstable air to build up from the ground surface and replace the tempera- 
ture inversion which previously existed and which still remains above the unstable layer. 
When the unstable layer reaches the level of the plume, a rapid overturning occurs in which 
_ the effluent is thoroughly mixed into the lower layer but not upward through the inversion. 
This produces high concentrations at ground level, often at great distances from the source. 
The effluent normally disperses rapidly with the increasing instability, and high concentra- 
tions remain for approximately 30 min. 

The reverse effect may be found in the early evening when a daytime lapse condition is 
being replaced by an inversion. The turbulence is much reduced just prior to the formation 
of the inversion, and puffs of effluent may be trapped locally at ground level in the develop- 
ing stable layer. Such concentrations will generally dissipate or be carried away by the 
light wind at a very slow rate. 


Topography 


The above generalized description of the behavior of an effluent plume applies over flat 
terrain, but local topography will alter the patterns to a varying degree. Some of these fac- 
tors are discussed below without attempting to cover more than a small portion of the many 
possibilities. Plans for an installation in rough terrain should include a meteorological sur- 
vey to establish the significance of local anomalies. | 

Rugged landforms affect the local meteorology in many ways. One of the most obvious is 
the creation by hills and ridges of standing vertical and horizontal perturbations in the wind 
flow. The scale of these variations is a function of the scale of the landforms, but it is 
common to find wide variations in wind direction, and speed over very short distances. For 
example, parallel ridges and valleys, such as those found in sections of the Appalachian 
Mountains, tend to restrict the valley wind flow to the long axis of the landforms, and the 


488 


CHAP. 3.8 


RADIOACTIVITY IN COOLANTS 


°9).0T+ sem (4&7 —-9F 7) gouarzazyIp ainjzeraduia} ay} pue ‘ydw 

? Sem paods pulM 9yL *‘YyYde1Z0j0Yd ay} UT UVaS 9q UD [Te1} BY} JO SAaTIUI XIG ‘UOTSISAUT aInje1aduis} 
VdVJANS B Y}IM UOTJOW [VOT}19A JO UOTSSai1ddns payIeUl ay} SMOYS aUIN{d ZOJ-[IO 9y} JO MOTA [eIIIe BYU] 
"ZS61 Av ‘Aroyer T [euoTyeEN UsABYyYoo1g Aq pazuqng “1Ty a1qQeIg UT UOTsIadsIq —Z'g’Es “SI Y 


Ny tess SUR Ripe: 


489 


zed by GOOR1E 


igi 


D 


GAS-COOLED SYSTEMS 


5 GP) 


ant 

"he li As 
7 f we 
oh 


Fig. 3.8.3—— Dispersion in Stable Air. Submitted by Brookhaven National Labo- 
ratory, May 1952. The photograph was taken shortly after that shown in Fig. 
3.8.2. In this view, the effects of the weak horizontal eddies are evident. 
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frequency distributions of wind velocity obtained from ridge top and valley floor, respec- 
tively, may be remarkably different. 

The vertical wind distribution also shows sharp variations, particularly when inversions 
are present. Shifts of 180° in wind direction with small changes in altitude are common. 
Figure 3.8.4 shows such a case at Brookhaven, where the terrain is relatively flat. 

Temperature inversions are more common in valleys than over flat terrain. The disper- 
sion of effluent emitted in or under such inversions may be restricted in virtually all direc- 
tions so that very little reduction in concentrations can occur until the temperature struc- 
ture becomes unstable to levels several thousand feet above ground. In fact, concentrations 
may increase as the first layers above ground become unstable but before the inversion 
aloft disappears. An effect of this type almost certainly contributed to the Donora disaster. 

The presence of nearby water surfaces has a strong influence on the wind and stability 
structure. The fact that 24 percent of the winds at Brookhaven are southwesterly during 
the summer months is partly a result of the “sea-breeze” effect that is present on most 
summer days. Similarly, the persistent temperature inversions that are so important in 
the Los Angeles smog may be partly attributed to the advection of warm air over the cold 
coastal waters. 


PARTICULATES 


The presence of particulate matter in a stack effluent adds a complicating factor to the 
process of dispersion and may necessitate the use of a different standard for the allowable 
concentration of radioactivity. In most installations, it is reasonable to assume that the 
vast majority of large particles (>10y) will have been filtered out within the cooling system. 
The settling rate of the remaining particles will therefore be so small that the effluent may 
be treated as a gas for practical purposes. | 

The dispersion of particulates differs from that of gases in two ways: (1) Settling of the 
particles causes them to have a net downward motion resulting in maximum concentrations 
closer to the source, and (2) a portion of the effluent is continuously deposited on the 
ground, reducing the total amount of effluent with increasing distance from the source. 

The settling rate of an aerosol of fairly homogeneous particle size may be approximated 
by assuming that the X-axis of the plume is tilted downward at an angle depending on the 
ratio of settling rate to wind speed. The deposition rate is difficult to determine, espe- 
cially for small particles, since effluent distribution and atmospheric motion very close to 
the ground have not yet been defined with sufficient accuracy and since forces other than 
gravity may be important. Both problems have been considered in some detail by Baron, 
Gerhard, and Johnstone® as well as others. It should be noted that, although the deposition 
of radioactive particulates will have the effect of reducing the amount of effluent in the at- 
mosphere, the radiation at ground level may increase with continued emission until an 
equilibrium value depending on decay, atmospheric concentration, and deposition has been 
reached. 


ESTIMATION OF GROUND-LEVEL DOSE RATES FROM A‘! 


Estimation of A“! dose rates is carried out in two phases: (1) The three-dimensional dis- 
tribution of effluent is first described mathematically for the meteorological conditions en- 
countered, and (2) the dose rate values are then derived from these distributions. 


EFFLUENT CONCENTRATIONS 


At present there is no completely acceptable theory to explain atmospheric dispersion, 
but a thorough summary of the current status has been presented.’ The salient features of 
one treatment that has produced operational results are considered below. Improvements 
or simplifications in component steps of this treatment can be made in accordance with the 
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individual problem and with advances in meteorological treatment of atmospheric diffusion. 
The Brookhaven approach? has been chosen as a model. 

The Brookhaven meteorological staff adopted the formula developed by Sutton? as the 
mathematical model for dispersion under lapse and neutral conditions. This formula ex- 
presses the diffusion of an effluent cloud from a point source in the following form: 


sec [eh ait 
X(x,y,z) = TuCyC2X = e C2x2-n +e Cix (3) 


where x = concentration, mg/m? 
Q = rate of emission, mg/sec 
u = wind speed, m/sec 
n =a pure number 
Cy = virtual crosswind diffusion coefficient, mn/2 
C, = virtual vertical diffusion coefficient, mn/2 


This equation describes an effluent plume with boundaries in a form lying between a cone 
and a paraboloid. The concentration along the X-axis decreases at a rate proportional to 
X*" | where n lies between 0 and 1. When applied to a source located above the ground sur- 
face, the maximum ground-level concentration is found to be inversely proportional to the 
square of the stack height although this does not apply to concentrations at fixed points. 
The nomographs presented in Figs. 3.8.5 and 3.8.6 provide a convenient means of obtaining 
the maximum concentrations and their distance from the source as predicted by the Sutton 
formulas. 

Brookhaven oil-fog tests under unstable conditions showed mean hourly maximum con- 
centrations which were less than those predicted by the Sutton equations by a factor vary- 
ing between 2 and 10. However, it is felt that the diffusion of individual clouds of effluent 
are predicted by the equation with reasonable accuracy and that appropriate hourly mean 
values can be obtained by weighing the basic results in accordance with the hourly fre- 
quency distribution of wind direction. 

The numerical values for n, Cz, and Cy for various degrees of wind gustiness must be 
determined by appropriate instrumentation or estimated from results in other locations. 

The Sutton equation does not accurately describe the dispersion found with temperature 
inversions, which exist 40 percent of the time at Brookhaven. However, the narrow trail of 
effluent from a high stack can be approximated by the mathematical forms of the line and 
plane source for estimating radiation dose rates at ground level. It is clear that a more 
accurate representation of the cloud would be necessary with low stacks.!° 


RADIATION DOSE RATES 


A“! is a beta-gamma emitter, decaying to K“! with a half-life of 110 min. It is necessary 
to consider each type of radiation separately in calculating ground-level dose rates. 


Beta Radiation 


The beta radiation from A“! has a maximum energy of 1.2 mev and an average energy of 
0.46 mev, for which the respective ranges in air at sea level are approximately 4.2 and 
1.1 m. Large volumes need not be considered in the calculation of beta dose rates, and 
point concentrations of the effluent, obtained from the Sutton formula and weighted in ac- 
cordance with the wind frequency distribution, can be used to obtain mean hourly distribu- 
tions of the beta contribution in lapse and neutral conditions. With a sufficiently elevated 
source, no effluent is present at ground level under inversions, and the beta dose rate is 
effectively zero. 
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Fig. 3.8.5— Nomogram for Solving the Sutton Equation hick = 
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Gamma Radiation 


A very different problem is encountered in the treatment of gamma radiation, which has 
a mean free path of about 300 m. The spatial distribution of the effluent must be consid- 
ered, for the assumption of a semi-infinite cloud of uniform concentration cannot be ex- 
pected to apply except, perhaps, at very great distances from the source. Under inversions, 
the effluent from a high stack may be approximated by a plane source extending from the 
stack to infinity, widening uniformly at a half-angle of 1.5°. To obtain the dose rate for a 
specific point at ground level, the assumption of a plane of infinite length having a finite 
width depending on the 1.5° half-angle and the radial distance from the stack may be used. 
The integration is simplified by the further assumption that the entire plume has the con- 
centration calculated on the basis of the decay over the point of observation. 

Close to the stack, the assumption of a line source gives results of good accuracy. Val- 
ues within 10 percent of those obtained from a plane source will be achieved if the vertical 
half-angle subtended by the edges of the plume above the observer does not exceed 30°. If 
the inversion plume is close to the ground, more sophisticated models of the dispersion 
become necessary. These may be selected on the basis of empirical test data or from the 
available theoretical formulas. 

The ground-level dose rate distribution obtained in this manner applies to an invariant 
mean wind. A distribution representing a typical hour may be obtained by utilizing the 
hourly frequency distribution of stack-height wind direction. 

Dose rates under unstable conditions may be derived in basically similar fashion. The 
Sutton formulas can be assumed to describe the three-dimensional distribution of the ef- 
fluent plume and the corresponding dose rates obtained. The mathematics is rendered 
more tractable if the simplifying assumptions are made that the concentration in the X- 
direction is constant and that the effluent extends to + and — infinity in the X-direction. The 
latter is clearly valid only if the point of observation is further from the stack than one 
mean free path (300 m). It is also helpful to treat the decay factor as a constant, as is done 
in the inversion case. 

It is clear from the foregoing that estimates of dose rates under varying meteorological 
conditions can be achieved, although the approach is not as yet sufficiently general to war- 
rant routine application of the method to a wide variety of sites. In practice, the meteor- 
ology of each site should be carefully considered to determine what observational data are 
needed to supplement generalized knowledge of the problem. In some cases, engineering 
estimates will be relatively simple; in others, especially where rugged terrain is involved, 
a complete meteorological survey will be required. 


INDUCED ACTIVITY IN HELIUM 


Neutron reactions involving helium itself are negligible, as shown in Table 3.8.2. The 
helium isotope with a relatively large thermal-neutron absorption cross section is He*, but 
its abundance’! is of the order of 107’ to 107*. The extent of neutron reactions with impuri- 
ties in the helium are approximated in Table 3.8.3, which presents the activity calculated 
on the basis of 100 ppm argon in the helium. Argon was chosen as typical of an impurity 
that would give rise to a substantial quantity of activity. Actual impurity concentrations in 
high-grade helium are shown in Table 3.3.14. 

Table 3.8.4 presents estimates of activity in the helium stream resulting from the diffu- 
sion of fission products into the helium. The maximum activity is based on a complete trans- 
fer of all the fission products from the fuel rods into the gas stream. The minimum value 
results from considering the transfer of only those fission products from the slug surface 
film whose thickness is equal to the recoil range of the fission fragments. Further work” 
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Table 3.8.2—Approximate Loss in k Owing to Gases Used for Cooling 


(M. C. Leverett, Gas-cooled Piles, Chap. 3 in ‘‘Graphite Uranium Production Piles,’’ edited 
by L. B. Borst, National Nuclear Energy Series, Division IV, Volume 5, U. S. Atomic Energy 
Commission, Technical Information Service, Oak Ridge, Tenn., 1951) 


Gas Ak* Gas Ak* 
Hydrogen 0.0007 Sulfur dioxide 0.0005 
Helium 0 Methane .0014 
Carbon dioxide 0 Water .0007 
Air 0.003 


*Based on ratio of free space to metal existing in the Clinton reactor 
at a pressure of approximately 1 atm 


Table 3.8.3—Activity from Argon Impurity in Helium* 
(B. T. Feld, The Activity of the Coolant in Closed-cycle Systems, LP-157, Sept. 7, 1948) 


Power level, mw 100 

Gas pressure, psia 1000 

Gas temperature, °F 1800 
Fraction coolant in reactor 0.10 
Weight of U™®, kg 10 
Thermal-neutron flux, per sq cm-sec 2.4 x 1044 
Gamma energy, mev 1.3 
Gamma rays, per day 3 x 10'8 
Gamma flux, per sq cm-day (at 10 m) 2x 107° 


Gamma flux, per sq cm-day (at 1000 m) 2x 107 


*Reactor assumed to be a cylinder 2 sq ft in cross section 
having a volume of 6.3 cu ft. The concentration of the argon 
impurity is taken as 100 ppm 


Table 3.8.4—Calculation of Helium Activity 


(C. R. McCullough and J. A. Swartout, Calculation of Levels of Radioactivity to be expected in 
the Coolant of the Power Pile, Oak Ridge National Laboratory, CF-47-1-41, Jan. 15, 1947. 


Power level,* mw . 40 
Coolant volume, cu ft 4100 
Beta activity, c/cu ft 20 to 5 x 104 
Gamma activity, c/cu ft | 10 to 2.5 x 104 
Long-lived activity,t c/cu ft 8 


*Based on reactor containing 5600 hollow cylindrical 
fuel rods 6 in. by 1.5 in, OD and % in. ID 

fActivity induced in He by complete diffusion with half- 
lives greater than 1 hr 
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gives a comparable figure of 6.76 c/cu ft* for this minimum value, and it is noted that at 
high temperatures diffusion may be more important than the stoppage of recoil fragments. 

Table 3.8.5 presents the results of a calculation scaling up the activity induced in helium 
based on small-scale experimental work. This calculation is of value as an order-of-mag- 
nitude estimate and indicates the possibility of undue pessimism in the values given in 
Table 3.8.4. 


Table 3.8.5—Experimental Data and Calculated Scale-up of Activity Induced in Helium 
(N. Sugarman, Collection of Activity in a Circulating Helium System, CC-418, Jan. 15, 1943) 


Experimental data 


Gas velocity, 1/sec 0.49 
Neutron intensity, neutrons/ (cm?) (sec) 11.9 x 10° 
Fission rate, fissions/(gm)(sec) 1.35 x 10° 
Surface area, cm? 86.4 
Gas activity, disintegrations/ (cc) (sec) 
Fluid : 4.7 
Solid 2.8 


Calculated scale-up* 


Power level, mw 100 
Weight of metal, tons (metric) 50 
Surface area, cm? 1.64 x 10! 
Fission rate, fissions/(gm)(sec) 6 x 101° 
Helium volume, cu ft 46,520 
Cycle time, sec 20.8 
Gas velocity, 1/sec 6.3 x 109 
Gas activity, c/cu ft 

Fluid j 0.283 

Solid 142 
Fraction of reactor activity in gas 3x 1075 


*Reactor is assumed to consist of units of three concentric 
cylinders of inner radii 0.5, 1.2, and 1.9 in. and outer radii 0.7, 
1.4, and 2.0 in. 

tExperiments indicate that the total activity can be lowered 45 
percent by filtering through charcoal. Activity indicated is at 2 
sec from reactor center 


A fuel-rod coating that would keep the fission products from diffusing into the helium 
stream would simplify the purification process considerably. Filtration of the helium 
through activated charcoal has been suggested as a method of decontaminating the helium 
coolant. Other suggested methods are the use of a diffusion cascade, storage for the decay 
of short-lived activity, and absorption into fats.'° 

A purification method incorporating. cooling and filtration has also been suggested.‘ This 
process consists of cooling the helium to the temperature of liquid air at a pressure of 500 
psia. The contaminants are removed as liquid, and the remaining impurities are removed 
in an absorbent charcoal filter. 


*The original figure is 34 c induced by one fuel rod 1.4 cm in radius and 11 ft long operating at a 25- 
mw power level. The figure of 6.76 c/cu ft is derived from this value in order to make a comparison 
with the value in Table 3.8.4. 
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FILTER SYSTEMS FOR RADIOACTIVE PARTICLES 


Filters are placed in the coolant gas streams from reactors to remove radioactive par- 
ticles introduced usually from one or more of three main sources: 


(1) Particles, such as salt and dust, entering with the cooling air for an open-cycle reac- 
tor and remaining in the reactor for a time sufficient to acquire radioactivity. 


(2) Particles, such as graphite, beryllium oxide, and other dusts, from the moderator, 
the fuel elements, or parts of the reactor structure. 


(3) High-activity particles of uranium or uranium oxide from ruptured fuel elements. 


The first source of particles is important only when stagnant air pockets or low air- 
velocity regions are present in or close to the reactor so that particles settle out, become 
radioactive, and are subsequently picked up by the air stream again. This condition can be 
prevented successfully by installing high-efficiency filters in the inlet air stream. Most 
particles not retained by the filters are no larger than 0.5 p in diameter; these remain air- 
borne and have no chance to become radioactive. 

To catch radioactive particulate matter that enters the gas stream inside the reactor, an 
efficient filter must be used in the exhaust stream (see Fig. 3.8.7). The primary source of 
such particles in existing air-cooled reactors has been oxidized uranium from aluminum- 
can ruptures. Maximum safety, therefore, depends upon designing the fuel element so that 
the possibility of release of uranium particles is minimized. Such procedures are de- 
scribed in Chapter 3.5. The use of filters in the inlet and/or outlet coolant streams de- 
pends on the reactor characteristics. 

For air-cooled experimental reactors at air temperatures of 215°F or lower, special 
types of glass fiber filters with the characteristics shown in Table 3.8.6 give satisfactory 
service. When the filters were used in series with the larger fiber material preceding the 
smaller, good results were achieved for two and more years depending on the location. 
The combination of the FG-25 backed by FG-50 appears to be just as efficient as two '/-in. 
layers of FG-50 and has an estimated useful life 3.54 times the latter based on a pressure- 
drop consideration of 4 in. H,O at 25 ft/min.’ 

Table 3.8.7 presents operating data for a typical installation using these two types of fil- 
ters in series in the same frame. If necessary, the total atmospheric dust removed may be 
increased from 99.3 to about 99.7 weight percent by the use of back-up filters containing 
either Chemical Warfare Service No. 6 paper or AEC No. 1 paper. The characteristics of 
these papers are shown in Table 3.8.8. As an indication of dust load on location, an instal- 
lation similar to that on which Table 3.8.7 is based showed a pressure-drop build-up of 
less than '/-in. H,O/yr for the same linear velocities through the mediums. 

The efficiency of a particular filter installation depends largely, especially with these 
highly efficient mediums, on the sealing at the periphery of the frames. The above effi- 
ciencies on the FG-25, FG-50 combination are for a carefully gasketed installation where 
calking compound was used between the frames and the supporting structure and where whe 
in. felt gaskets were used between frames. In the case of the CWS No. 6 and AEC No. 1 
paper installation, a positive pressure of air with respect to the coolant air existed around 
the frames, and any leakage was into the system rather than around the filters. 

Any particles that get through either the Filterdown combination or the CWS No. 6 paper 
are so small that they are dispersed over an extremely wide area when discharged through 
a 200- to 300-ft stack. If these small particles did not originate in the reactor, their short 
transit time through the reactor would preclude their acquiring any significant radioactivity. 
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REMOVABLE ROOF SLABS 


A 


INLET 5 
DUCT 5 
GLASS WOOL [J—_— OWS 
FILTERS ‘} ‘FILTERS 

‘| / 
= 
7 / 
f 
a 
a i OUTLET 
I DUCT 


CANAL INTO WHICH 
CONTAMINATED GLASS 
WOOL MEDIUMS 
DUMPED FROM FRAMES 


Fig. 3.8.7— Cross Section of Filter House on Downstream Side of Reactor. 
Submitted by Oak Ridge National Laboratory, May 1952. 


Table 3.8.6—Characteristics of Glass-fiber Filters Used in Air Streams of Experimental 


Reactors* 
Medium -fine fiber 
Fine fiber (FG-50)T (FG-25)T 

Thickness of filter bed, in. 0.5 0.5 
Density of medium, 0z/sq ft 8 7 

Fiber diameter, p 1.25 2.75 
Discoloration efficiency (atmospheric dust), % 85+ 70 

Medium velocity, ft/min 20 20 

Initial resistance at 20 ft/min, in. H,O 0.32 0.11 

Initial resistance at 35 ft/min, in. H,O .56 35 


*F, M. Tench and M. E. Ramsey, Oak Ridge National Laboratory, personal communication, 
1952 
tAmerican Air Filter Company ‘‘Filterdown’’ 
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Table 3.8.7— Operating Information for Typical Filterdown Filter Installation* 


Size of installation 


No. of 2- by 3-ft frames 600 
Filter medium % in. FG-50 
% in. FG-25 
Total air flow at 215°F and 360 in. H,O abs, cfm 120,000 
Average linear velocity through medium, ft/min 33 
Operating data 
Dust load,f gm/(sq ft)(yr) 23.6 
AP, in. H,O (clean filter) 0.9 
AP build-up, in. H,O/yr ~2 
Average filter-use time, yr 2 
Approximate cost, 600-frame filter change 
Materials $3800 
Labor and equipment 3400 
$7200 
Total atmospheric dust removed, wt-% ~99.3 


*F. M. Tench and M. E. Ramsey, Oak Ridge National Laboratory, 
personal communication, 1952 


fUranium was not a Significant part of the dust load 


Table 3.8.8—Characteristics of CWS No. 6 and AEC No. 1 Filter Papers* 


CWS No. 6: 
Composition: Bolivian asbestos, strengthened with cellulose fibers 
Thickness, in.: 0.035 to 0.045 
Resistance at 28 ft/min: 110 mm H,0O or less 
Penetration of 0.3-y dioctyl phthalate smoke at 28 ft/min: 0.12% or less for 
0.035-in. thickness 
AEC No. 1: | 
Composition: Kraft pulp and asbestos fibers 
Thickness, in.: 0.033 to 0.045 
Resistance at 28 ft/min: 110-115 mm H,O or less 
Penetration of 0.3- dioctyl phthalate smoke at 28 ft/min: 0.10 to 0.15% or less 
CWS No. 6 and AEC No. 1 frame characteristics: 
Amount of filter medium per frame, sq ft: 257 
Size of frame: 2 ft by 2 ft by 111% in. thick 
Length of filter-medium pleats, in.: 11 
Resistance to air flow of 1000 cfm at 65° to 100°F: 1.25 in. H,O or less 
Penetration of 0.3-y dioctyl phthalate smoke at 1000 cfm: 0.05% or less 
Maximum AP across filter without visible sagging, buckling, shifting, or 
vibration: 7 in. H,O 
Operating data on filters when preceded by FG-25, FG-50 combination: 
Average linear velocity through paper, ft/min: 2.34 
Dust load, gm per square foot of filter paper per year: <0.007 and ~0.007 
AP, in. H,O (clean filter): 1.10 
AP build-up, in. H,O/yr.: 1.6 
Average filter-use time, yr: 2% 
Approximate cost, 200-frame filter change: 


Materials $10,000 
Labor and equipment 4,500 
$14,500 


*F. M. Tench and M. E. Ramsey, Oak Ridge National Laboratory, personal communication, 1952 


901 


CHAP. 3.8 GAS-COOLED SYSTEMS 


REFERENCES 


1, W. F. Dvaidson, Stack Meterology as Related to Power Plants, Chap. 93 in **Air Pollution,’’ edited by L. C. McCabe, McGraw- 
Hill Book Company, Inc., New York, 1952. 
2. C. H. Bosanquet, W. F, Carey, and E. M. Halton, Dust Deposition from Chimney Stacks, Inst. Mech. Engrs. London, Proc. 162, 
1950, pp 355-367. 
3. R. H. Sherlock and E. A. Stalker, A Study of Flow Phenomena in the Wake of Smokestacks, Univ. Mich. Dept, Eng. Res. Bull. 
No. 29, 1941, 49 pp. 
4. W. F. Davidson, personal communication. 
5. R. G. Fleagle, W. H. Parrott, and M. L. Barad, Theory and Effects of Vertical Temperature Distribution in Turbid Air, Jour. 
Meterology 9, 1952, pp 53-60. 
6. T. Baron, E. R. Gerhard, and H. F. Johnstone, Dissemination of Aerosol Particles Dispersed from Stacks, Ind. Eng. Chem. 41, 
1949, pp 2403-2408. 
1. T. F. Malone, editor, Compendium of Meterology, Waverly Press, Inc., Baltimore, 1951, pp 1139-1157. 
8. P. H. Lowry, The Theoretical Ground-level Dose Rate from the Radioargon Emitted by the Brookhaven Reactor Stack, BNL-81, 
July 1950, pp 426-436, 
9. O. G. Sutton, The Theoretical Distribution of Airborne Pollution from Factory Chimneys, Quart. Jour. Roy. Meterological Soc. 
13, 1947, pp 426-436, 
10. M. L. Barad, Diffusion of Stack Gases in Very Stable Atmospheres, Meterological Monographs 1, No. 4, 1951, pp 9-14. 
11. J. H, Coon, LAMS-654, Dec, 8, 1947, 3 pp (classified). 
12, J, Chernick and I. Kaplan, BNL-20, Nov. 3, 1948, 25 pp (classified). 
13, C. R. McCullough et al, MonN-383, Sept. 15, 1947, 422 pp (classified). 
14, L. B. Borst et al, CEPS-1100, Jan. 1, 1952 (classified). 
15. H, C. Savage, ORNL-500, Dec. 1, 1949, 19 pp (classified). 


SELECTED READING LIST 


Aerodynamic Factors 


DUST DEPOSITION FROM CHIMNEY STACKS, C. H. Bosanquet, W. F. Carey, and E. M. Halton, Inst. Mech. Engrs. London, Proc. 
162, 1950, pp 355-367. 


INVESTIGATION OF THE PENETRATION OF AN AIR JET DIRECTED PERPENDICULARLY TO AN AIR STREAM, E. E. Callaghan and 
R. S, Ruggeri, NACA-TN-1615, June 1948, 13 pp. 


A STUDY OF FLOW PHENOMENA IN THE WAKE OF SMOKESTACKS, R. H. Sherlock and E..A. Stalker, Univ. Mich. Dept. Eng. Res., 
Bull. No. 29, 1941, 49 pp. 


Meteorological Factors 
AIR POLLUTION, edited by L. C. McCabe, McGraw-Hill Book Company, Inc., New York, 1952, pp 775-839. 


THEORY AND EFFECTS OF VERTICAL TEMPERATURE DISTRIBUTION IN TURBID AIR, R. G. Fleagle, W. H. Parrott, and M. L. Barad, 
Jour. Meteorology 9, 1952, pp 53-60. 


COMPENDIUM OF METEOROLOGY, edited by Thomas F. Malone, Waverly Press, Inc., Baltimore, 1951, pp 1139-1157. 


METEOROLOGICAL FACTORS IN ATMOSPHERIC POLLUTION PROBLEMS, M. E. Smith, Am. Ind. Hyg. Assoc. Quart. 12, No. 4, 
Dec. 1951, pp 151-154. 


ON ATMOSPHERIC POLLUTION, A Group of Contributions by J. H. Carter, C. A. Gosline, E. W. Hewson, H. Landsberg, M. L. Barad, 
G. W. Brier, P, H. Lowry, D. A. Mazzarella, H. F. Poppendiek, H. Rouse, R. H. Sherlock, and M. E. Smith, Meteorological Mono- 
graphs 1, No. 4, 1951, 55 pp. 


THE THEORETICAL GROUND -LEVEL DOSE RATE FROM THE RADIOARGON EMITTED BY THE BROOKHAVEN REACTOR STACK, 
Brookhaven National Laboratory, P. H. Lowry, BNL-81, July 1950, 33 pp. 


STACK METEOROLOGY AND ATMOSPHERIC DISPOSAL OF RADIOACTIVE WASTE, N. R. Beers, Nucleonics 4, No. 4, 1949, pp 28-38. 


DISSEMINATION OF AEROSOL PARTICLES DISPERSED FROM STACKS, T. Baron, E. R. Gerhard, and H. F. Johnstone, Ind. Eng. Chem. 
41, 1949, pp 2403-2408. 


THE THEORETICAL DISTRIBUTION OF AIRBORNE POLLUTION FROM FACTORY CHIMNEYS, O. G. Sutton, Quart. Jour. Roy. 
Meteorological Soc. 73, 1947, pp 426-436. 


902 


Section 4 


AQUEOUS FUEL SYSTEMS 


Prepared under the direction of 
J. A. LANE AND N. F. LANSING 
OAK RIDGE NATIONAL LABORATORY 


503 


didi Google 


AUTHORS’ PREFACE 


The advantages of circulating-fuel reactors, particularly those using aqueous solutions 
or slurries of uranium salts, have been well recognized since the early days of the Man- 
hattan Project. A considerable development effort aimed at applying these systems to the 
problem of producing plutonium was undertaken in the period from 1943 to 1944 at the 
University of Chicago and elsewhere. However, the project was terminated because ade- 
quate quantities of heavy water and/or slightly enriched uranium could not be obtained 
within the assigned time. The subsequent small-scale development program was princi- 
pally devoted to studying the properties of uranium solutions and slurries and to work on 
reactor components for handling these materials. 

Interest in aqueous, homogeneous reactors was renewed in 1946 at Oak Ridge National 
Laboratory in connection with the design and construction of a high-neutron-flux, research 
facility. After due consideration, the circulating-fuel system was again dropped in favor 
of a solid-fuel reactor because of difficulties encountered in the handling and pumping of 
radioactive slurries and the serious question concerning possible nuclear instability 
arising from the presence of large numbers of bubbles. 

The third major attempt to solve the technical problems associated with aqueous solu- 
tion reactors was initiated at Oak Ridge in 1949. The extent of this effort is indicated from 
the wealth of data accumulated and reported in the following chapters, with results to date 
culminating in the operation of the Homogeneous Reactor Experiment at conditions suitable 
for the production of electricity. Operation of this reactor, known as the HRE, has served 
chiefly to demonstrate the feasibility of equipment for circulating active fuel solutions and 
the inherent nuclear stability of the system. The major problems remaining to be solved 
are the effect of radiation on corrosion and the development of components for a full-scale 
reactor. The applications of the various solution or slurry systems for U-233 production 
and central-station power plants remain an attractive possibility, and the development 
effort is being continued at an undiminished rate. 

The objectives of the various portions of this Section have depended on the particular 
subject at hand. Where appropriate, basic data bearing on a given topic have been assem- 
bled and analyzed. In other cases, current developments and applications of established 
theories to problems of particular relevance to aqueous homogeneous reactors have been 
described. 

Generally, the data compilations have been inclined toward material which has not been 
compiled elsewhere but which is of special pertinence to aqueous homogeneous reactors. 
This approach tended to avoid duplication of certain non-project compilations and placed 
the major effort on previously unorganized material. 

The portions of the Section devoted to specific problems are of a somewhat more transi- 
tory nature than the data compilations. They include the results of calculations for partic- 
ular systems and experience acquired in the design, development, and operation of specific 
equipment. This material may be regarded as somewhat more indicative of the state of the 
art rather than definitive. 

With a few exceptions, the cut-off date of the Section is July 1, 1952. Some of the ex- 
perience resulting from operation of the Homogeneous Reactor Experiment has been in- 
cluded during final preparation of the manuscript, but these portions are readily identifi- 
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able by the context. The cut-off date is perhaps of most significance to the material on 
aqueous slurries (Chapter 4.4) as research results are rapidly unfolding within that area. 
Certain contributions to the preparation of the Section have not been sufficiently deline- 
ated by the author credits. The preparation of most of Chapter 4.3 was guided by C. H. 
Secoy, while A. S. Kitzes assumed general responsibility for assembling Chapter 4.4. In 
addition, the entire Author Group wishes to acknowledge the contributions of the many who 
have assisted in the preparation of the manuscript. Mrs. Lou Gunnels contributed much to 
the assembling of the references. Special thanks are due to Mrs. Jo Millsaps who assumed 


responsibility for preparation of all charts and figures. Many helpful editorial revisions 
were introduced by Mrs. Mary Jenks. 


J. A, Lane 
N. F. Lansing 
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CHAPTER 4.1 
General Reactor Characteristics 
J. A. Lane 


ADVANTAGES OF AQUEOUS SYSTEMS 


Aqueous fuel systems possess certain advantages which make them particularly attrac- 
tive for numerous nuclear-reactor applications ranging from small reactors for mobile 
units or packaged power plants to large, high-power reactors for large-scale production 
of plutonium, uranium-233, and/or power. These advantages stem partly from the fluid 
nature of the fuel and partly from the homogeneous mixture of the fuel and moderator; 
i.e., an aqueous homogeneous reactor combines the attributes of liquid-fuel heterogeneous 
reactors with those of water-moderated heterogeneous reactors. 

If practical methods for handling an active aqueous fuel system can be developed, the 
inherent simplicity of this type of reactor should result in considerable economic gains in 
the production of fissionable material and power. 

The principal advantages of aqueous fuel systems are: 


HIGH SPECIFIC POWER 


Since there is no heat-transfer barrier between fuel and coolant, the power density ina 
liquid-fuel reactor is limited only by the pumping rate and by the temperature rise of the 
fuel solution, itself. Thus, power densities of 50 to 200 kw are possible. 

HIGH BURN-UP OF FUEL 


In heterogeneous reactors, burn-up is limited by radiation damage to fuel elements or 
loss of reactivity. In liquid-fuel reactors, continual removal of poisons is possible as 
well as continual addition of new fuel, thereby permitting unlimited burn-up. 


CONTINUOUS PLUTONIUM RECOVERY 


Continuous removal of neptunium or plutonium is possible in a liquid-fuel reactor. This 
yields a product with a low plutonium-240 content and increases the value of the pluto- 
nium. 


SIMPLE FUEL PREPARATION AND REPROCESSING 


The use of aqueous fuel solutions or slurries eliminates the expensive fuel-element 
fabrication step and simplifies the reprocessing of depleted fuel. 


EASY FUEL HANDLING 


Charging and discharging fuel can be accomplished without shutting down the reactor or 
providing extensive fuel handling facilities. 
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HIGH NEUTRON ECONOMY 


Neutron economy is improved by eliminating absorption of neutrons by cladding mate- 
rial and structural material within the reactor core. In addition, an aqueous fuel system 
lends itself more readily to a spherical core geometry which minimizes neutron leakage. 


SIMPLE CONTROL SYSTEM 


Density changes in the moderator create a sensitive, negative, temperature coefficient 
of reactivity which makes this system self-stabilizing. This eliminates the need for me- 
chanically driven regulating rods. In addition, shim control can be achieved by changing 
the fuel concentration. 


WIDE RANGE OF CORE SIZES 


Depending on concentration and enrichment, critical H,O and D,O homogeneous reactors 
range from 1, ft to more than 30 ft in diameter. Correspondingly, there is a wide range 
of application for these reactor systems. 


PROBLEMS OF AQUEOUS SYSTEMS 


Many apparently formidable practical problems are associated with continued operation 
and maintenance of systems of active fuel solutions. It is believed, therefore, that exten- 
sive experience in adequately scaled reactor installations will be necessary to demonstrate 
the reliability of aqueous homogeneous reactors; this will necessitate a long-range devel- 
opment program. In addition, the choice of water as the fuel-bearing medium limits both 
the fuel concentration and operating temperature to values which may be less than opti- 
mum for production of plutonium and power. The principal problem of aqueous fuel sys- 
tems are: 


CORROSION OR EROSION OF EQUIPMENT 


Circulation of fuel solutions or slurries at high rates creates corrosion and erosion 
problems in the reactor and its associated heat-removal equipment. Special provisions 
must therefore be made for decontaminating and maintaining equipment. 


EXTERNAL CIRCULATION OF FUEL SOLUTION 


To achieve the high specific powers mentioned previously, heat is removed by circu- 
lating the fuel solutions through external heat exchangers. This increases the inventory 
of fuel and D,O, gives rise to a loss of delayed neutrons, and causes induced activity in 
the external equipment which results in additional shielding and maintenance problems. 
By permitting the core contents to boil and by removing heat from the vapor, these prob- 
lems may be eliminated, probably however, with considerable sacrifice in specific power 
and possibly greater nuclear instability. 


NUCLEAR STABILITY 


The nuclear stability of the reactor depends on both bubble formation and the hydro- 
dynamics of the system. In aqueous reactors, excessive gas formation resulting from de- 
composition may occur at higher power densities and give rise to serious fluctuations in 
reactivity. Solution of these problems may require an extensive development effort for 
each reactor modification. 
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LIMITED URANIUM CONCENTRATION 


In solution reactors, uranium concentration is limited by solubility or corrosion effects, 
and in slurries, by the viscosity. In H,O-moderated reactors in particular, a high uranium 
concentration is necessary for a large conversion ratio. Because of their limited uranium 
concentration, slightly enriched H,O homogeneous reactors are not economical for plu- 
tonium production. 


LIMITED OPERATING TEMPERATURE 


Either excessive pressure or the phase stability of aqueous systems limits the opera- 
ting temperature range to 250° to 300°C. This results in lower thermal efficiencies than 
those realized in liquid-metal-cooled systems. 

Assuming that the investment cost of power-recovery equipment is comparable for both 
liquid-metal and aqueous systems, the lower thermal efficiencies of the latter may result 
in less economical power production. 


EXPLOSIVE DECOMPOSITION PRODUCT 


Radiation-induced decomposition of the ‘moderator can produce an explosive mixture of 
hydrogen and oxygen in the reactor system. This hazard means that special precautionary 
design measures must be taken. 


COMPOSITION OF AQUEOUS FUELS 


The proper choice of fuel solution for an aqueous homogeneous reactor depends on con- 
siderations of chemical and nuclear stability, corrosion or erosion, and fuel handling and 
reprocessing. These are balanced against neutron absorption properties, which determine 
the required enrichment and rate of production of fissionable material, in order to find 
the optimum system. Unfortunately, existing information on the behavior of aqueous sys- 
tems under actual reactor operating conditions is too meager for a realistic appraisal of 
their relative worth. At best, one can predict in only a general way the advantages of 
each fuel type. 

The physical properties of aqueous solutions of the three most promising uranium 
salts —UO,SO,, UO,F., and UO,(NOs).—are fairly well known, at least under static con- 
ditions and in the absence of reactor radiation. In general, these solutions have com- 
parable corrosion characteristics with type 347 stainless steel. More detailed data on 
corrosion are given in Chapter 4.3. The chemical stability of UO,(NO;). may be somewhat 
less than that of solutions of UO,SO, and UO,.F, but is satisfactory at low temperatures. 

From a nuclear standpoint, the UO,F,-D,O system is more desirable than the UO,SO,- 
D,O system because the fluoride neutron cross section is considerably lower than that of 
sulfur. Similarly, the high absorption cross section of nitrogen makes the nitrate system 
even less desirable, unless one considers the use of nitrogen-15, which can be obtained 
only by isotope-separation methods. | 

The chemical processing of aqueous fluoride solutions is believed to be considerably 
more difficult than that of sulfate or nitrate systems. 

On the basis of the existing information on corrosion, chemical stability, and chemical 
processing, the UO,SO,-D,O system appears to be the preferable fuel solution, although 
its use results in a minor compromise in neutron economy. 

The relative merits of an oxide slurry and an aqueous solution are more difficult to 
assess. A slurry system has the advantage of high neutron economy, high chemical sta- 
bility, and less corrosion difficulty but presents a more difficult fuel-handling problem. 
Moreover, the nuclear stability of the system, depends on the physical stability of the 
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suspension. This accentuates problems of reactor start-up and shutdown and continued 


maintenance of equipment which can only be solved through an extensive development 
program and experience with actual reactor operation. 
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CHAPTER 4.2 


Neutron Chain Reactions 


in Aqueous Homogeneous Systems 


CRITICAL CALCULATIONS 
(S. Visner) 


The statics of chain reactions in aqueous homogeneous reactors are of interest primarily 
in connection with the estimation of the inventory of fuel for a critical reactor and the rate 
of production of fissionable isotopes. The most important factors determining criticality 
are geometry; nature, concentration, and enrichment of the fuel; nature and distribution of 
other components in the reactor; and operating temperature. The production of fissionable 
isotopes depends principally on the neutron economy resulting from the competition for 
neutrons between the fertile material and the various other absorbers. The latter include 
materials of construction, moderator, fuel compound, fission products, and various nonfis- 
sionable nuclides formed by parasitic neutron capture in the fuel or other heavy nuclei in 
the system. In designing a reactor for the production of fissionable isotopes, it is there- 
fore important to choose materials, other than fuel, for the core, which have a low neutron 
capture cross section. This in turn leads to the almost universal selection of D,O as the 
moderator. The constituents of the fuel compound must also be selected on this basis. 

The fuel element usually considered is uranium. In general, the highest enrichment 
available is desired for conversion of thorium-232 to uranium-233, since uranium-235 
is required to minimize neutron capture by uranium-238. The thermal breeder con- 
sidered here contains uranium-233 as both the fuel and the product. 

It is shown later that appreciable quantities of the higher isotopes of uranium are built 
up as a result of parasitic capture of neutrons by the fuel. 


METHODS OF CALCULATION 


For simplicity, this discussion is restricted to spherical reactors. Since both heavy and 
light water are excellent moderators, the energy of fission neutrons is rapidly degraded to 
the thermal region, with the result that most of the fissions are produced by thermal neu- 
trons. Both the one-group and two-group diffusion equations are therefore applicable for 
criticality calculations on aqueous homogeneous reactors. 


For a large, bare, spherical reactor of radius R, the one-group equation for criticality 
is: 


2._k—l 
"Le kr " 
where: 
B=17/R (2) 
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and: 

k = nepf (3) 
with €, the fast-fission effect, taken as unity, and: 


_ vrs (U) 


The thermal utilization, f, is given by: 


2% a(U) 


f= Za(U) + 2, (mod) + 2 ,(other) (5) 


and the resonance escape probability, p, is given by: 


p= exp |— —S Nosy ” 


with N, the number of atoms per cc which exhibit resonance absorption of neutrons and 
(Nosé); the slowing down power of the i’th constituent. Also: 


_ L?(mod)6@04(mod) f£ 


L? F2 > a(U) (7) 


where F is the fraction of the volume occupied by the moderator and @ is the ratio of mod- 
erating atoms to uranium atoms. 

Thus, for an aqueous solution of UO,SO, with a uranium-235 enrichment of a, and a 
ratio of moderating atoms to uranium atom of 0: 


7 avo,(25 (8) 
ME ~ a0,(25) + (1 — a) 0,,(28) + 60,(mod) + 0, (UO,SQO,) 


where: 
a = Nos/Nog + Nos 
The two-group critical equation for this type of reactor is: 
k = (1 + L’B?) (1 + 7B?) (9) 


The ratio of neutron absorptions in the fertile isotope to absorptions in the fuel isotope 
is the quantity: | 


palertile tsctope). =P) 
Da(fuel isotope) . 1+ Bt (10) 


where the second term is the contribution from resonance absorption. 


TWO-REGION REACTORS 


The two-group diffusion equations have been used for criticality calculations for two- 
region reactors consisting of two concentric spheres. The effect of a thin shell of thickness 
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t separating the two regions can be taken into account by including its absorption of thermal 
neutrons in the boundary condition for the slow-neutron current. For a reactor containing 
essentially a low concentration (~1 gm/1) of uranium-233 or uranium-239 in the core and 
containing fertile material dispersed in a moderator in the blanket, the equations are: 


Core fast flux: 
DrcV*¢rc —2Fcérc + (Kc/pc) Zsc¢sc = 0 (11) 


Core slow flux: 


Dsc V*¢sc — Zsc ¢sc + Zrc orc = 0 (12) 


Blanket fast flux: 


Drs V’¢Fp — [FB FB — RB oFB + (kB/pB) ZsB¢oFB = 0 (13) 


Blanket slow flux: 


Dsp V’¢sp — Usp¢sp + Crp ore = 0 (14) 


The first letter of the subscript indicates the neutron group (F for fast and S for slow); 
the second letter indicates the reactor region (C for core and B for blanket). Thus, ¢rc is 
the fast-neutron flux in the core, and Dsg is the diffusion coefficient for slow neutrons in 
the blanket. Zrc and 2 Fp are “slowing-down” cross sections,* and 2 Rp is the true mac- 
roscopic absorption cross section for the fast group. 

The boundary conditions at the shell, where r = a, are: 


(Prc)r =a, = (pp)r =a, (15) 
—Drc(Vorc)r =a, =—-DrplVorgp)r =a, (16) 
(Pschr =a, =(sp)r =a, (17) 
—Dsc(Vogc)r = a, + Deg (VOgp)r =a, = Za(shell) t (¢gc)r =a, (18) 
Furthermore: 

(Opp )r=a,+Ep ~ (Ppp lr =a, +Ep ~ (gp) r =a, + Es> 9 (19) 


where EF and ES are the extrapolation distances for the fast- and thermal-neutron flux, 
respectively, and a, is the outer radius of the blanket. 

Solution of the above system of equations yields the critical fuel concentration and the 
neutron fluxes, thereby permitting calculation of the conversion ratio or breeding gain. The 
conversion ratio is the ratio of the quantity: 


{[Za(fissionable isotope) — La (higher isotopes in chain)]? + Opp dap } to Za (25) sc whereas 


the breeding gain is the difference between unity and a similar ratio where 2,(25) is re- 
placed by Za(23). 


*D cp = Drg/tg- The quantity Zegdep is the rate of loss per unit volume of fast neutrons which have 
entered the slow-neutron group. 
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BUILD-UP OF HIGHER ISOTOPES 


The higher isotopes built up by neutron capture influence the neutron economy in the re- 
actor and therefore the conversion ratio and breeding gain. This build-up occurs in accord- 
ance with the chain shown in Fig. 4.2.1. Only the more impartant reactions are indicated. 
Fast neutron reactions of the type (n,2n) are not included since their contribution is small. 


BUILD-UP FROM THORIUM IN BLANKET 


In predicting the quantities of higher isotopes in the blanket, the assumption is usually 
made, with negligible error, that thorium-233 decays to protactinium-233 immediately 
upon formation. It is also postulated that thorium-232 is continually replenished and is 
thus maintained at a constant concentration. After the desired concentrations are reached 
in the blanket, the contents are assumed to be processed continually to remove protactin- 
ium, uranium, and fission products at a rate proportional to the quantity present, corre- 
sponding to a “chemical decay” constant C. For example, C N,; is the chemical removal 
rate of uranium-233 in unit time from unit volume. The steady-state concentrations are 
given by: 


Ni3 = 0 (02) > 

Noo Oc (13) OSB + Au3 + Cc (20) 

Nos _ 0¢(02) $B Ais (21) 

No2 [0¢(13) gp + As + C] [04 (23) Pop + C] 

Na _ 0,.(23) 

Nos 0a(24) + C/ésp (22) 

Nos _ Oc (24) (23) 

Ny (25) + C/dgp 

Nog _ Oc (25) (24) 
2% Ca(26) + C/dgp 


where Psp is the average slow-neutron flux in the blanket, averaged over the external sys- 
tem as well (including, for example, heat exchangers), and A,3 is the natural radioactive 
disintegration constant for protactinium-233. A correction for the resonance absorption in 
thorium-232 is applied to ¢gp to yield $g,. 


BUILD-UP FROM URANIUM-233 FUEL 


Utilization of uranium-233 as a fuel gives rise to a sequence of higher uranium isotopes 
as shown in Fig. 4.2.1. Since uranium-237 has a half-life of only 6.9 days, it and the re- 
mainder of the uranium chain will be present in only very small quantities, and in most 
calculations they are usually ignored. The neptunium chain is also usually ignored on the 
basis that it is removed chemically from the reactor. 


PURE URANIUM-233 FUEL 


The concentrations of higher isotopes at equilibrium are given by: 


_ Ny _ 9¢(23) 
wat Nas - Ga(24) ~— 
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_ No O¢(23 
"53" Nos a(25) vn 
tae Nog _ % (23) 9, (25) (27) 


S Nog Ga (25) oa (26) 
Further, the ratios of macroscopic absorption cross sections are: 
Lq(24)/Z, (23) = 0.0928 
La(25)/Za(23) = 0.0928 
Dg (26)/Z (23) = 0.0142 


for the particular values of cross sections given in Table 4.2.1. The time dependence of 
the concentrations is given by: 


N 23 to 

Nes = ae [1 —e p a(24)t) (28) 
Nos _ Oc (23) _ a~ %(24) ht O¢(23) da (24) _ 2-0 (25) ht 

Nos [oa(25) — oa(24] lt — © 1+ (ea@5)—o,(24)]oq(a5) -° (29) 
and: 

Nog _ %a(23)0¢(25) [1 — 97 Pal2AV St] 4 71 — 9 Fal25)$t) 11 _ 9 70(28)9t} (30) 


Nes Fq(25)04(26) 


where ¢sc is the thermal flux, averaged over both the core and the external system. 


Table 4.2.1—Constants for Uranium at 20°C 


(BNL-170) 
Isotope Of C, v n 0, 
U-233 5914 564 2.60 2.37 
U-234 89 
U-235 549 650 2.51 2.12 
U-236 21.3 
U-238 2.8 9.3 


The presence of uranium-234 and uranium-236 leads to a loss of neutrons, but the ab-— 
sorption of one neutron by uranium-235 yields 7, neutrons. The net loss of neutrons to the 
higher isotopes is shown in Fig. 4.2.2 as a function of the product of neutron flux and time. 
The fraction of neutrons produced by uranium-233 which is lost to the higher isotopes 
reaches a maximum value of 0.0029, then decreases to —0.0008, and finally levels off at 
0.0013. 
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Fig. 4.2.2—— Neutron Losses to Higher Isotopes in Breeder Core. Submitted by 
Oak Ridge National Laboratory, Nov. 25, 1952. Reprinted from ORNL-51-10-110. 


CORE FED WITH URANIUM-233 PRODUCED IN BLANKET 


In a two-region reactor for breeding, the fuel derived from the blanket and fed to the 
core is primarily uranium-233 containing quantities of uranium-234, uranium-235, and 
uranium-236 built up by (n,y) reactions in the blanket. At equilibrium, the concentrations 
of the higher isotopes in the core are: 


Nog — Oc(23) + O430a(23) | 
Ne oa(24) a 


N35 _ Ga(23) + og(23){ay3 + O55 (32) 


Nos 0, (25) 


Nog _ pe + 0,(23){ays + eal) Oo(25) | , e(23) (33) 
Nos Oa(25) 02 Ga(26) 63 G, (26) 


where the a@’s have already been defined. 


BUILD-UP FROM URANIUM-235 FUEL 


The build-up of isotopes higher than uranium-236 is here considered to be negligible. 
Variation of the uranium-236 concentration with time is given by: 


N 0,.(25) en? (26) ot 
2°26 = _ %¢(29) = a 34 
No5 0(26) ee) 
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In a reactor producing uranium-233, the fuel is uranium of high uranium-235 enrichment, 
in which case the uranium-238 diluent is constantly fed into the reactor at a rate (1—y) P, 
where y is the ratio of No, to Nog in the feed material and P is the rate of fuel burn-up. If it 
is postulated that the uranium is continually reprocessed to remove fission products and 
that there is a resulting loss of uranium at a rate pNy, the build-up of uranium-238 is then 
given by: 


Nog _ (1—y)[Ga(25) + b/Psc][, _ Lu + 05(28)OscIt 
Nos 0q(28) + u/dgc [2 (35) 


EXAMPLE OF BUILD-UP OF HIGHER ISOTOPES IN A 
TWO-REGION URANIUM-233 CONVERTER 


Figure 4.2.3 shows the rate of build-up of neutron absorption cross section for uranium- 
236 and uranium-238 in the core of a two-region converter with the following characteris- 
tics: 


Core Properties Blanket Properties 
@ = 1.1 x 104° @ = 0.06 x 10" (initially) 
Diameter: 10 ft Thickness: 2 ft 
Content: UO,SO, in D,O 7 Content: ThO, in D,O 
Temperature: 250°C Temperature: 250°C 
Power: 630 x 10° watts No processing 


Isotopic ratio of uranium-235: ~ 90 percent 
u = 5.8 x 10~° (corresponding to a uranium loss of 0.1 
percent for a chemical processing cycle of two days) 


“Nox IN BLANKET 
(NO CHEMICAL PROCESSING) 


————[5,(26) + £,(28]/2,(FUEL SALT) 


£,(26)/2, (FUEL SALT) 


mee ee oe hg (28) / zo (FUEL SALT) 


CONCENTRATION OF U-233 IN BLANKET, gm/I 
25/29 (FUEL SALT) 


I 10 100 1000 10,000 
TIME, days 


Fig. 4.2.3— U-233 Two-region Converter Reactor. Build-up of Heavy Isotopes for 
10-ft-diameter Core, 2-ft-thick Blanket of 1000 gm-Th/1l; Power, 630 mw. Submitted 
by Oak Ridge National Laboratory, Nov. 25, 1952. Reprinted from ORNL-51-10-110. 
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The increase in uranium-233 content in the blanket is also shown. The average value for 
the slow-neutron flux in the blanket varies with time owing to variations of the fission rate 
in the blanket and changes in the hold-up volume in heat exchangers. For example, when a 
uranium-233 concentration of 7 gm/1 is reached in the blanket, the fission power level in 


the blanket is approximately 300 x 10° watts. 


NUCLEAR CONSTANTS 


The nuclear constants for aqueous homogeneous systems which generally enter into cal- 
culations of criticality and isotope production are presented in Tables 4.2.1 thru 4.2.4. 


Table 4.2.2—Constants for Heavy Water (99.84% D,O and 0.16% H,O) 


Property 20°C 250°C 
L?, cm? 15,130 35,440 
T, cm? 120 197 
Dthermal, Cm 0.91 125 
o,(resonance), barns 9.97 9.97 
Dresonance , CM 1.30 1.66 
o,(thermal), barns 0.001824 0.001366 
€o,, barns 5.009 5.009 


Table 4.2.3 —Constants for Uranium-233 Producers 


Nuclide Property 
Th-232 0a, barns 
o, (thermal), barns 
o, (resonance), barns 
ThO o,, barns 
Pa-233 o,, barns 
Half-life, days 
0 o,, barns 
o, (thermal), barns 
o, (resonance), barns 
S o,, barns 
N o,, barns 
H o,, barns 


Magnitude at 20°C 


7 
12.8 
14.6 

1.002 
37 

tl 4 
<107! 

4.1 

3.7 

0.49 

1.78 

0.32 


Table 4.2.4——Constants for ThO,-D,O Slurry 


Th concentration, gm/ 1000 
Temperature, °C 20 
Dinermal ©™ 0.885 
Dresonance, CM 1.180 
Macroscopic resonance abs. cross 

section, cm~!x 10° 4.86 
+ (Fermi age), cm? 121 


1000 500 500 
250 20 250 
1.152 ~ 0.897 1.198 
1.429 1.236 1.537 
4.62 2.87 2.72 
187 120 191 
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The Fermi age, 7p, in the slurry is obtained from the value of the age for heavy water, 
T (D,O) by the following relationship: 


[Ztrans (D,0)] [EZ scatt (D,0)] T (D0) (36) 


~ [Etrans (ThO, + D,0)] [EZ scatt (ThO, +D 20)] 
The diffusion constants for the slurry are obtained as follows: 


1 
32:rans (ThO; + D,0) 


D (ThO, + D,O) = 
with: 

Ztrans (ThO + D,O) = Ztrans (ThO2) + Ztrang (D20) 
and: 


Ztrans (D2O) = ioe 


where F is the volume fraction occupied by the D,O. 
The macroscopic absorption cross section for thorium in the fast region, Zp_, is ob- 
tained as follows: 


fission dE 
“RB ~ = = aor ee a 


fissi 
The value! of the resonance absorption integral, J os 0,(Th) = is 8.33 (0,)°-753. 
thermal 


where o, is the total macroscopic scattering cross section in the resonance region per 
thorium atom. For the limiting case of infinite dilution, the value of the integral is 81.3. 
The resonance escape probability, p, is obtained by means of: 


AT 
p = exp aaa z (38) 
s 


where o, is again the total macroscopic scattering cross section for resonance energies 
per atom exhibiting resonance absorption. For uranium, the resonance integral can be ap- 
proximated analytically by 3.05 (og)°-4"!. Values of p as a function of the ratio of uranium 
to D,O atoms are presented graphically in Fig. 4.2.4. The corresponding curve for uranium 
in H,O is shown in Fig. 4.2.5. 


RESULTS 


Many of the calculations for aqueous homogeneous systems have been made for UOQ,SQ, 
as the fuel compound. The nature of the fuel compound does affect to some extent the criti- 
cal concentration and to a greater extent the conversion ratio through the neutron economy. 
Results for several fuel compounds will be given for comparison. 


‘References appear at end of chapter. 
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RESONANCE ESCAPE PROBABILITY 


D,0 MOLECULES PER URANIUM ATOM 


Fig. 4.2.4 — Resonance Escape Probability in Systems with Natural Uranium as 
UO,SO, in Heavy Water. Submitted by Oak Ridge National Laboratory, Nov. 25, 
1952, Reprinted from ORNL-51-11-41, Basis: 99.84% D,O, 0.16% H,O; o = 9 barns. 
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Fig. 4.2.5 —Resonance Escape Probability in Systems with Natural Uranium as 
UO,SO, in Ordinary Water. Submitted by Oak Ridge National Laboratory, Nov. 
25, 1952. Reprinted from ORNL-51-11-91. 
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Table 4.2.5— Maximum Powers for Spherical Reactors 


Core diameter, ft Power, megawatts (x 107°) 

5 0.090 
8 34 

10 .63 

15 2.0 

20 4.9 

25 9.5 

30 16.2 


a 


REG ae eee 2 
4 2 


ot tt 


CORE DIAMETER, ft 
>a no On @WwWO 


ot tT TY 
TI | 


ttt ft 
Ay 


Gi 


coam==me 20°C 


Q04 2.0 10.0 
CONCENTRATION OF U- 235, gm/I 


N 


Fig. 4.2.6 — Concentration of U-235 Required for Criticality of Bare UO,SO,- 
D,O Homogeneous Spherical Reactors. Submitted by Oak Ridge National Labora- 
tory, Nov. 25, 1952. Reprinted from ORNL-51-10-110. 


PERMISSIBLE REACTOR POWER 


The maximum powers for spherical reactors of various diameters have been deduced 
from considerations of heat removal and reactor stability in the presence of gas formation 
and are listed in Table 4.2.5 for spherical reactors. The criteria used are: The power den- 
sity should not exceed 40 kw/1, and the decomposition gases from the water in the core 
should not exceed the delayed neutron fraction in reactivity value. 


BARE REACTORS 


In Fig. 4.2.6, the critical core diameter of spherical reactors is plotted as a function of 
uranium-235 concentration at 20°, 200°, and 250°C. The reactor contains only highly en- 
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riched (90 percent) uranium-235 as UO,SO, in D,O. At 250°C, the critical concentration 
varies from 4.0 gm/1 of uranium-235 for a 5-ft radius to 0.47 gm/1 for a 10-ft radius. 

Similar results at 250°C are available for bare spherical reactors using uranium-235 of 
low enrichment. In Fig. 4.2.7, the isotopic ratio of uranium-235 (as UO,SO,) is plotted as a 
function of the ratio of moderating molecules to uranium atoms, for spheres 4-, 6-, 8-, and 
10-ft in diameter. Allowance is made for poisons to the extent of 2 percent in Keff. Values 
are presented both for H,O and for D,O moderators. 

The minimum critical radius of an unpoisoned, bare, spherical reactor utilizing UO,SO, 
in D,O is shown in Fig. 4.2.8 as a function of the isotopic concentration of uranium-235. 
Curves are given at 20°, 100°, and 250°C for uranium-235 enrichment between 0.7 and 5.0 
percent. At 250°C, a comparison is made of the results based on a value of 7 for natural 
uranium of 1.350 and a value of 1.335. The critical radius for isotopic ratios from 0.7 to 
5.0 percent is ploted in Figs. 4.2.9, 4.2.10, and 4.2.11 for reactor temperatures of 20°, 
100°, and 250°C, respectively. The effect on the critical radius of changing 7n from 1.335 to 
1.350 decreases with enrichment; thus, at 0.71 percent isotopic concentration of uranium- 
235, the difference in radius is about 10 percent, whereas at 1.0 percent enrichment the 
difference is only 5 percent. 

Further results on uranium-235 enrichment and reactor diameter are available where 
an allowance of 2 percent excess Kar, is made for parasitic poisons. In Fig. 4.2.12, the 
isotopic concentrations of uranium-235 concentration in the fuel is plotted against the 
ratio of moderating atoms to uranium atoms for diameters of 15, 20, and 30 ft, with 
UO,.SO, as the fuel salt. Similar results for UO3;-D,O and UO,(NO3).-D,O systems are 
shown in Figs. 4.2.13 and 4.2.14, respectively. It is found that the required isotopic ratio 
increases absorption by the fuel compound. UO, has the most favorable properties in a re- 
actor, and UO,(NO,),. has the least desirable of the three compared. The performance of 
the nitrate can be improved by the use of nitrogen enriched in N° which has a thermal ab- 
sorption cross section of only 2 x 107° barns. 

The effect of the reactor operating temperature on required uranium-235 enrichment 
is shown in Fig. 4.2.15 for the UO,SO,-D,O system. The increased neutron leakage from 
the reactor with temperature requires that enrichment also be increased. 


ONE-REGION REACTOR FOR URANIUM-233 CONVERSION 


Calculated results are available for bare, spherical reactors intended to convert thorium 
to uranium-233 at an operating temperature of 250°C. The reactor contents are ThO,, 
UO.SO, (with a uranium-235 concentration of 90 percent), D,O, and poisons to the extent of 
2 percent in Kegs. The critical fuel concentrations and conversion ratios are given in Table 
4.2.6 for reactors of 10-, 15-, and 20-ft diameter and thorium concentrations from 100 to 
1000 gm/1. The conversion ratio increases with both diameter and thorium concentration, 
whereas the uranium-235 concentration decreases with increasing diameter but increases 
with thorium concentration. 


ONE-REGION REACTOR FOR URANIUM-233 BREEDING 


Results similar to those in Table 4.2.6 are presented in Table 4.2.7 for reactors intended 
to utilize uranium-233 as the fuel for breeding at 250°C. Allowance for poisoning has been 
included to the extent of 2 percent in Kers. The trends of critical concentration and breed- 
ing gain with thorium concentration and reactor diameter are similar to those described 
for the uranium-233 converter. 


TWO-REGION SPHERICAL REACTORS 


As an alternative to the one-region reactors described previously, consideration can also 
be given to reactors containing a central core of fuel and a blanket containing mainly fertile 
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Fig. 4.2.7 — Isotopic Concentration of U-235 Required for Criticality of Aqueous 
UO,SO, Solutions. Submitted by Oak Ridge National Laboratory, Nov. 25, 1952. 
Reprinted from ORNL-51-11-91. Calculated for bare spherical homogeneous re- 
actors with Keg = 1.02. 
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Fig. 4.2.9 —-Critical Radii of Bare, Spherical, Homogeneous, UO,S80,-D,0 Reactors at 20°C. Sub- 


mitted by Oak Ridge National Laboratory, Nov. 25, 1952. Reprinted from ORNL-50-11-41. Basis: 
heavy water contains 0.16% H,O: 0o,(U-238) = 2.59b; » = 1.36 for natural uranium; unpoisoned system. 
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Fig. 4.2.10—cCritical Radii of Bare, Spherical, Homogeneous, UO.SO,-D,O Reactors at 100°C. Sub- 
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Fig. 4.2.11—Critical Radii of Bare, Spherical, Homogeneous, UO,SO,-D,O Reactors at 250°C. Sub- 
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Fig. 4.2.12 — Isotopic Concentration of U-235 Required for Criticality in Bare, 


Spherical UO,SO,-D,O Reactors at 250°C. Submitted by Oak Ridge National Laboratory, 


November 25, 1952. Reprinted from ORNL-1096. 
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Spherical UO,-D,O Reactors at 250°C. Submitted by Oak Ridge National Laboratory, 


Nov. 25, 1952. Reprinted from ORNL-1096. 
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Fig. 4.2.14 — Isotopic Concentration of U-235 Required for Criticality in Bare, 
Spherical UO,(NO3).-D,O Reactors at 250°C. Submitted by Oak Ridge National Labo- 
ratory, Nov. 25, 1952. Reprinted from ORNL-1096. 
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Fig. 4.2.15 — Isotopic Concentration of U-235 Required for Criticality in Bare, 
15-ft-diameter, Spherical, UO,SO,-D,O Reactors at Various Temperatures. Sub- 
mitted by Oak Ridge National Laboratory, Nov. 25, 1952. Reprinted from ORNL-1096. 
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Table 4.2.6—Critical Fuel Concentrations and Conversion Ratios 


10-ft-diameter reactor 15-ft-diameter reactor 20-ft-diameter reactor 

N88 a 

Th conc., Conc. U-235, Conversion Conc. U-235, Conversion Conc. U-235, Conversion 
gm/l gm/1 ratio gm/l ratio gm/1 ratio 
100 2.105 0.687 1.588 0.865 1.433 0.942 
200 4.313 .805 3.466 .944 3.214 .999 
300 7.305 853 5.962 974 5.571 1.020 
500 16.45 .895 13.32 .998 12.45 1.037 
1000 253.05 931 117.19 1.022 98.24 1.052 


Table 4.2.7—Critical Fuel Concentrations and Breeding Gains 


10-ft-diameter reactor 15-ft-diameter reactor 20-ft-diameter reactor 

(SR ET O—$—— A 

Th conc., Conc. U-233, Breeding Conc. U-233, Breeding Conc. U-233, Breeding 
gm/l gm /l gain gm/1 gain gm/1 gain 
100 1.944 —0.174 1.485 0.034 1.346 0.124 
200 3.899 —.031 3.182 129 2.964 192 
300 6.441 .026 5.362 164 5.039 216 
500 13.65 .075 11.42 .193 10.76 237 
1000 87.5 119 62.52 221 56.71 290 


material in a moderator. Separating the two regions is a shell which significantly affects 
the nuclear constants of the system. Zirconium has been considered as the shell material 
on the basis of maximum tensile strength per unit macroscopic absorption cross section. 
Two alternative designs are considered: One provides for a shell sufficiently thick to sus- 
tain the full operating pressure; the other utilizes a shell of minimum thickness to separate 
the two regions but not sufficient to sustain the full pressure. In the latter case, the pres- 
sure in the two regions must be equalized. 


TWO-REGION REACTORS FOR URANIUM-233 CONVERSION 


Calculations are available for two-region reactors having highly enriched uranium-235, 
in the form of UO,SQO, in D,O, in a central core 5-, 8-, and 10-ft in diameter surrounded by 
ThO,-D,0O slurry in a blanket 2 ft thick. Separating the two regions is a zirconium shell 
whose thickness enters conveniently as a parameter. Among the factors which influence 
the critical concentration and conversion ratio and which have been conSidered in the cal- 
culations are: power level in the blanket owing to build-up of uranium-233, temperature of 
core and blanket, thickness of the core shell, concentration of thorium in the blanket, and 
thickness of the blanket. Results are also available on the behavior of the reactors as a 
function of operating time in order to take into account the build-up in both the core and 
blanket of heavy isotopes by neutron capture. 

The critical concentration of uranium-235 as a function of shell absorption, Zat (where t 
is the shell thickness), is displayed in Fig. 4.2.16 for core diameters of 5, 8, and 10 ft. The 
corresponding conversion ratios are presented in Fig. 4.2.17. For a given shell thickness, 
the conversion ratio increases with decreasing core diameter owing to increasing neutron 
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Fig. 4.2.16—U-233 Two-region Converter Reactor; U-233 Concentration in 
Core as Function of Shell Absorption with 2-ft-thick Blanket of 1000 gm Th/1. 
Submitted by Oak Ridge National Laboratory, Nov. 25, 1952. Reprinted from 
ORNL-51-10-110. System at 250°C; no build-up of heavy elements. 
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Fig. 4.2.17—-U-233 Two-region Converter Reactor; Dependence of Conversion 
Ratio on Shell Absorption for 2-ft Blanket of 1000 gm Th/1. Submitted by Oak 
Ridge National Laboratory, Nov. 25, 1952. Reprinted from ORNL-51-10-110. 
System at 250°C; no build-up of heavy elements. 
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leakage from the core to the blanket. The increase in conversion ratio is even more pro- 
nounced if the shell is required to be of sufficient strength to withstand the full reactor 
pressure, since the smaller core requires a thinner shell. 

The effects of (1) thorium concentration in the blanket and (2) blanket thickness on ura- 
nium-235 concentration and conversion ratio are shown in Fig. 4.2.18 and Fig. 4.2.19. The 
conversion ratio increases with thorium concentration since the relative absorption of neu- 
trons by the shell and the moderator decreases. Very little gain is realized in utilizing 
blankets thicker than 2 ft. 


Reactor Temperature 


Figures 4.2.20 and 4.2.21 show the effects of varying the core and blanket temperatures; 
the conversion ratio increases with both core and the blanket temperatures. 


Higher Isotopes and Blanket Power Time 


Results are given in Figs. 4.2.22 and 4.2.23 for various concentrations of higher isotopes 
and fission-product poisons in both regions of a spherical reactor with a 10-ft-diameter 
core and a 2-ft-thick blanket. The uranium isotope concentrations correspond to various 
operating times for the reactor whereas the macroscopic absorption cross section for the 
fission products in the core is set at 2 percent of the value for the fuel salt. It is postulated 
that the gaseous fission products are purged very rapidly and the remaining fission products 
are continually removed by chemical means at a rate appropriate to the above 2 percent 
value. The required fuel concentration increases and the conversion ratio decreases with 
increasing poison content in the core. The poison may be either fission products or heavy 
isotopes resulting from neutron capture. The decrease in conversion ratio is numerically 
equal to the percentage of poison in the core. Increasing the ratio of blanket to core power 
tends to increase the conversion ratio. Increased fissioning in the blanket corresponds to 
higher uranium-233 content, reduced processing rate for the blanket, and consequently in- 
creased uranium-234 content and fission-product poisoning. 


TWO-REGION REACTORS FOR URANIUM-233 BREEDING 


Similar calculations have been performed for reactors containing uranium-233 in the 
core as UO,SQ, in D,O and a 2-ft blanket of ThO, in D,O. The effects of temperature, 
blanket thickness, and blanket concentration are similar to the effects already discussed in 
the case of the converter. Therefore, for all the breeding reactors to be discussed, the 
following conditions were postulated: Temperatures of core and blanket of 250°C, anda 
thorium concentration of 1000 gm/1 in the blanket, whose thickness is 2 ft. 

‘A convenient parameter for expressing the performance of a breeder is the “breeding 
gain,” g, defined as the net gain in fissile material produced in the reactor per unit quan- 
tity of fuel burned: 


net U-233 produced _ 1 


g= U-233 burned in core 


where the net uranium-233 produced is the difference between the quantity of thorium con- 
verted and the quantities of protactinium and uranium-233 lost by neutron absorption in the 
blanket. 

CORE DIAMETER 


In Fig. 4.2.24, the breeding gain is plotted against the shell absorption for core diam- 
eters of 5, 8, and 10 ft. The critical concentrations of uranium-233 in the core are shown 
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Fig. 4.2.18——-U-233 Two-region Converter Reactor; Effect of Blanket Concen- 


tration and Thickness on Core Concentration. Submitted by Oak Ridge National 
Laboratory, Nov. 25, 1952. Reprinted from ORNL-51-10-110. System at 250°C. 


937 


_ CHAP. 4.2 AQUEOUS FUEL SYSTEMS 


1.15 
i ' 
110 ae CORE BLANKET THORIUM 7 
DIAMETER THICKNESS CONCENTRATION 
: 5 ft 2 ft 1000 gm/| 
5 ft 2 ft S00 gm/I 
1.05 é lO ff 2 ft 1OOO gm/| 


10 ft 2 ft 500 gm/ 
5 ft 3 ft 500 gm/i 
5 ft I ft 500 gm/| 


MMOOOWBPY 


0.95 


0.90 


0.85 


0.80 


0.75 


0.70 


MOLS THORIUM CONVERTED PER MOL FUEL ISOTOPE (U-235) CONSUMED 


0.65 


0.60 
O 


SHELL ABSORPTION, =,t 


Fig. 4.2.19——-U-233 Two-region Converter Reactor; Effect of Blanket Concen- 
tration and Thickness on Conversion Ratio for an Unpoisoned Reactor Operating 
at 250°C. Submitted by Oak Ridge National Laboratory, Nov. 25, 1952. Reprinted 
from ORNL-51-10-110. 
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Fig. 4.2.20 —-U-233 Two-region Converter Reactor; Dependence of Fuel Con- 

centration on Shell Absorption at Various Temperatures. Submitted by Oak Ridge 
National Laboratory, Nov. 25, 1952. Reprinted from ORNL-51-10-110. Core 
diameter, 10 ft; 2-ft-thick blanket of 1000 gm Th/1. 
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Fig. 4.2.21—U-233 Two-region Converter Reactor; Effect of Temperature on 
Conversion Ratio for a 10-ft diameter Core, 2-ft-thick Blanket of 1000 gm Th/1. 
Submitted by Oak Ridge National Laboratory, Nov. 25, 1952, Reprinted from 

ORNL-51-10-110. Initial Operation: unpoisoned, no build-up of heavy elements. 
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Fig. 4.2.22 — U-233 Two-region Converter Reactor; Dependence of U-235 Con- 
centration Required for Criticality on Shell Thickness at Various Power Levels 
for System with 10-ft-diameter Core and 2-ft-thick Blanket of 1000 gm Th/1. 
Submitted by Oak Ridge National Laboratory, Nov. 25, 1952. Reprinted from 
ORNL-51-10-110. System at 250°C with 2, (fission products)/Z ,(UO,SO,) = 0.02 
in core. 
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Fig. 4.2.23——U-233 Two-region Converter Reactor; Dependence of U-233 Pro- 
duction on Shell Absorption at Various Power Levels for System with 10-ft- 
diameter Core with 2-ft-thick Blanket of 1000 gm Th/1. Submitted by Oak Ridge 
National Laboratory, Nov. 25, 1952. Reprinted from ORNL-51-10-110. System at 
250°C with Z,(fission products)/Z,4(UO,SO,) = 0.02 in core. 
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in Fig. 4.2.25. For a given shell absorption, the larger breeding gains are obtained with 
the smaller cores. To realize a positive breeding gain, at must be less than 0.035, 0.043, 
and 0.061 for core diameters of 10, 8, and 5 ft, respectively. The presence of fission- 
product macroscopic cross sections to the extent of 2 percent of the value for the fuel re- 
duces the breeding gain by approximately 0.02. 


a= initial Operation: 
No Fission Products; 
No Build-up of Heavy Elements. 
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Fig. 4.2.24—-U-233 Two-region Breeder Reactor; Dependence of Breeding Gain 
on Shell Absorption for a 2-ft Blanket of 1000 gm Th/1. Submitted by Oak Ridge 
National Laboratory, Nov. 25, 1952. Reprinted from ORNL-51-10-110. System at 
250°C. 
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Fig. 4.2.25—U-233 Two-region Breeder Reactor. U-233 Concentration in 
Core as a Function of Shell Absorption. Submitted by Oak Ridge National Labo- 
ratory, Nov. 25, 1952. Reprinted from ORNL-51-10-110. Two-ft-thick blanket 
of 1000 gm Th/1; system at 250°C; no blanket power. 
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HIGHER ISOTOPES 


In Fig. 4.2.24, results are presented for a breeder with a 10-ft-diameter core, ratio of 
blanket to core power of 0.1, and periods of operation corresponding to 200 days, 800 days, 
and infinite time. The cross-section ratios of the various uranium isotopes are given in 
Table 4.2.8. The values of the breeding gain for these three cases fall on the curve cor- 
responding to zero blanket power level and no core poison, the initial condition of operation. 


Table 4.2.8 —Cross-section Ratios of Uranium Isotopes 


: 24(24) (25) 24(26) 
fae! ae faret asad 

Days operation >, (23) =, (23) =, (23) 
200 0.059 0.059 0.0022 

800 091 .091 .0095 

00 .093 .093 .0142 


Although the breeding gain remains fairly constant with operating time, the net quantity 
of uranium-233 produced will decrease if the reactor is operated at a constant power level. 
This is brought about by the build-up of uranium-235 which contributes to the fission rate. 
To maintain a constant power level, the neutron flux must be reduced, decreasing the burn- 
up of uranium-233 in the core, and, since the breeding gain remains constant, the output of 
uranium-233 must also be reduced. 


BLANKET POWER LEVEL 


The desired ratio of blanket power to core power determines the common rate of chemi- 
cal processing for the removal of uranium, protactinium, and fission products from the 
blanket, the removal rate decreasing with increasing power level ratio. As noted previously, 
build-up of the higher uranium isotopes as well as fission products is determined by the 
processing rate. 

The characteristics of breeder reactors with a 10-ft-diameter core and 2-ft-thick blanket 
of ThO, in D,O are listed in Table 4.2.9, for a range of blanket power levels, with thick and 
thin zirconium shells, and with the corresponding equilibrium concentrations of higher iso- 
‘topes and fission products in both the core and blanket. The breeding ratio for a given shell 
thickness reaches a maximum for a ratio of blanket power to core power of 0.5. For higher 
values of this ratio, the increase in concentration of fission products in the blanket with de- 
creasing chemical processing rates required to attain the higher power-level ratios begins 
to offset appreciably the benefits of the blanket fissions. No breeding gain is realized in 
any case where the thickness separating the core and blanket is sufficient to withstand the 
entire core pressure. 


NEUTRON CHAIN REACTOR KINETICS IN AQUEOUS HOMOGENEOUS SYSTEMS 
(P. R. Kasten) 


A study of the kinetics of a reactor leads to a determination of the stability or instability 
of any given over-all reactor design. By stability is meant the ability of a reactor to oper- 
ate in a steady-state and to return to a steady-state condition when certain disturbances are 
introduced into the system. Kinetic studies will also give a measure of the degree of sta- 
bility or safety of any given system as determined by the extremes encountered in operating 
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variables (e.g., nuclear power, reactor core temperature, and pressure) for a given disturb- 
ance. The mathematical system describing the kinetics of the reactor is a function of the 
specific reactor design, and in general, for mathematical simplicity, the variables refer to 
average or bulk values; hence, the results obtained should be applied only in discriminating 
between first- and second-order effects. More general equations of motion have been dis- 
cussed only briefly (see pp 98-102, Ref 2). 


CIRCULATING NONBOILING SYSTEMS 


The kinetic behavior of homogeneous reactors?’ and particularly that of the HRE?®~"4 
has been analyzed in detail. Hence, a circulating, nonboiling reactor system of the HRE 
type will be considered. Figure 4.2.26 is a schematic diagram of such a system. The soup 
passes out of the reactor core through the pressurizer pipe, into the outside piping, and 
thence through the heat exchanger and pump back to the core. 


PRESSURIZER 


WATER 


HEAT EXCHANGER 


PUMP 


REACTOR CORE 


Fig. 4.2.26—Schematic: Diagram of a Circulating, Nonboiling Reactor System. 
Submitted by Oak Ridge National Laboratory, Nov. 25, 1952. 


POWER EQUATIONS 


The nuclear power equations®!* can be written as: 
dP 
Gr = Ao [K(L-B) — ke] P + Ze | (39) 
dcj 
a” AjCi = APBi KeoP (40) 


where: P = nuclear power generated within reactor 
Ao = 1/T Ke ~ 1/T) Keo 
k = material multiplication constant = né pf 
B = 2;8; = fraction of fission neutrons which are delayed 
ky = k required for criticality 
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Keo =K, evaluated under initial conditions 
A; = decay constant associated with the i’th group of delayed-neutron emitters 
cj = a measure of the concentration of the i’th group of delayed-neutron emitters 
T = average lifetime of a neutron 
To = 7 evaluated under initial conditions 


It has been found*-*®-!" that Eqs. (39) and (40) are approximated rather closely by consid- 
ering a constant source of delayed neutrons. This approximation yields: 


SE = Ag [k(1—-B) — Ke] P + Xo BhcoPy (41) 


where: Py = P evaluated under initial conditions. 


In evaluating 8, the delayed neutrons lost while the soup is outside the reactor must be 
considered’® although it has been shown’®-?° that under certain operating conditions, the ef- 
fect of losing a portion of the delayed neutrons is small. 


REACTIVITY CONSIDERATIONS 


A common method of studying the stability and safety of a reactor is to note its behavior 
following an increase in the reactivity. This is easily done by considering an instantaneous 
increase in k and the behavior of the reactor dependent upon the resultant variation in Kp. 
In general, ke will be a function of the temperature, pressure, and fraction gas plus vapor 
in the core: : : 


Ke = Keo + @;(T—T 9) + @2(p—Ppo) + a3 (fg —fgo) (42) 


where: T = average temperature of the core 
p = average pressure of the core 
f, = average fraction of gas plus vapor in the core 
Q1, Bo, @3, = ; 
x 
covered 
Xo = variable x evaluated under initial conditions 


, where x is the variable in question averaged over the specific range 


Under appreciable power operation, the effect of temperature on criticality arises 
mainly through density variations of the core material”! although in general the scattering 
cross sections are functions of temperature which will influence 8k,/9 T to some degree.”*»?3 
The effect of pressure on Ke arises through its influence on core density, and although this 
effect is not great under certain operating conditions, large power surges may result in un- 
desirable stable-pressure oscillations™-?® unless certain restrictions are imposed upon the 
pressurizer and core dump line designs.”*”* Gas in the core will also lower density and 
thus change k,. Therefore, with density as the determining influence on Kc, Eq. (42) can be 
written in the form: 


k, = f£(p) (43) 
where p is the core average density. p can be expressed as: 

p = px(1—fg) + pegfg | | (44) 
where: p, = average density of liquid phase = f,(p,T) 


Pg = average density of gaseous phase = f,(p,T) 
fy = average fraction of core which is gas plus vapor = fg f3(p,T) F (P) 
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Under most conditions, the last term in Eq. (44) can be neglected. Functions f,, f,, and fy; 
are evaluated from thermodynamic relations. 


CONNECTING RELATIONS BETWEEN NUCLEAR AND PHYSICAL SYSTEMS 


The presence of gas and vapor will effect stability in a manner dependent upon the form 
of the function describing the gas generation within the core. This functional relation be- 
tween fy and P is complex, although some plausible relations have been presented. 5! 

To obtain the pressure surges arising from power pulses, negligible error is introduced 
by considering the density of the liquid ejected into the pressurizer pipe as constant®»** or: 


dp _—Av 
at yO 0 (45) 
where: A = average cross-sectional area of pressurizer pipe 
v = deviation from steady state value of fluid velocity in pressurizer pipe 
V = volume of reactor core 
Pressure surges can then be obtained from the force equation: 
dv 
ao G, = AP — av — av lv | (46) 


where: a9, a, a, = constants 
Ap = pressure deviation from normal value 


To complete the mathematical system, the relation between T and P is required. The 
core temperature will depend on the power generation and rate of cooling. For safety cal- 
culations, times of interest are so short that the temperature of the soup entering the re- 
actor can be considered constant® and under this condition: 


— =€E (P—P,) (47) 


where: € = reciprocal heat capacity of core 


For stability calculations, relations describing the functioning of the.heat exchanger- 
boiler system are required, and for the HRE, some specific cases have been analyzed.* 


TECHNIQUES FOR SOLUTION OF THE EQUATIONS 


The solution of the above nonlinear system of equations appears to be best solved for 
individual cases by high-speed digital machines, although useful approximate formulas 
have been developed which are valid for short time intervals.° 

Certain of the variables have proved to be relatively unimportant insofar as peak powers 
obtained for a step increase in reactivity. By assuming instantaneous fuel ejection from the 
core with decreasing soup density, and neglecting the gas effects, the mathematical system 
is: 


do 
at Ag({k(1—B) — Ke] 7 + Ag BKco 
k =k,, + Ak 
Ke = Keo + 4 (T —T9) (48) 
aT ; 
a 7€ (o—1) 
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The above is a nonlinear system of differential equations, but it can be solved graphically 
in the phase plane by the method of isoclines as follows: Let: 


w = k(1—8) — kg = a measure of the excess reactivity of reactor 


Differentiating: 

dw dk 

— = —~—£ = _ ge "(g— 49 
' at ae '(o—1) (49) 


On combining the above with the power equation, time is eliminated and the phase plane 


relation is: 

dw _ —aeée'(o—1) (50) 

do dA g(wo + Bkeo) 

By assuming various values for dw/do, curves of w vs o called “isoclines” can be drawn 
which give the positions at which the final desired curve can have the assumed slope. 
Given initial conditions, the desired curve can be approximated closely by considering a 
sufficient number of isoclines. With the phase-plane plot, the time relations of the vari- 
ables can be obtained by graphical integration of the initial equations. Results of such 
analyses show that the delayed neutrons have an extreme dampening effect on any power 
oscillations arising from reactivity addition. Some typical plots of the variables consid- 
ered are given in Fig. 4.2.27. The curves indicate that the reactor system being consid- 
ered exhibits a highly dampened behavior to reactivity disturbances and is therefore self- 
stabilizing. Specific cases for the system and cases in which the pressurizer effects have 


been included are presented elsewhere. ® 
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Fig. 4.2.27 —Typical Plots for Temperature and Power Ratio Behavior as a 
Function of Impressed Ak. Submitted by Oak Ridge National Laboratory, Nov. 25, 


1952. 
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BOILING REACTOR KINETICS 


Another possible aqueous fuel reactor is the boiling-type reactor illustrated in Fig. 
4.2.28. In this reactor, the fission energy vaporizes the liquid, the rising steam condenses 
on the heat exchanger and then drops back into the core. The kinetics of this reactor type 
are similar to the one previously discussed, except the relation between fy and P now as- 
sumes great importance, and the reactor has in effect a large pressurizer chest. Material 
pertaining to boiling reactor kinetics has appeared in reports concerning homogeneous re- 
actors in general® and more recently has been presented specifically.*4 75%? 


VAPOR CHEST 


HEAT EXCHANGER 


REACTOR CORE 


ee ese es 
ne 


\ 


Fig. 4.2.28—Schematic Diagram of a Boiling-type Reactor. Submitted by Oak 
Ridge National Laboratory, Nov. 25, 1952. 


Any lag in the formation of vapor with respect to nuclear power will be detrimental to 
stability. This can be easily seen by considering the formation of vapor to lag power by 
some discrete amount &. The mathematical system is then: 


do 
~— = Ao(wo + BKeo) 


dt 
k = Kgg + AK 
51 

Ke = Keo + O3(fg—fyo) (91) 
df 
—& = pfo(t—t) -1 
ae = blott—£) — 1] 
Linearizing the above: 

2 
$2 + Ao [Bkeo—arsbE] S + Agarsb (0-1) = 0 (52) 
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In this equation, (@Keg—a 3bé) is the dampening coefficient. The delayed neutrons, B, thus 
have a positive damping action, whereas é acts in opposition to 8 and has a deleterious ac- 
tion on reactor stability. 


SAFETY CONSIDERATIONS 


INHERENT STABILITY 


In any reactor, it is desirable that an inherent power coefficient of reactivity exist, so 
that, as the nuclear power rises during a power surge, the reactivity will decrease at such 
a rate as to prevent the power from rising excessively. In aqueous systems, this property 
can exist either as a temperature coefficient (as in an HRE-type circulating reactor) or as 
a bubble coefficient (as in a boiling-type reactor). The size of the coefficient along with the 
response of the variable to power changes will determine the inherent safety of the reactor. 
Thus, although the temperature coefficient is not so large as the bubble coefficient ,*° the 
response of temperature to poWer is instantaneous, but the response of gas and vapor bub- 
ble formation to power is not immediate. *®>4! 
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CHAPTER 4.3 


Properties of Aqueous Solution Systems 


URANIUM SALT SOLUTIONS 


THE SYSTEMS UO,SOQ,-H,O AND UO,SOQ,-D,O 


CHEMICAL PROPERTIES 


Chemical Stability (C. H. Secoy) 


Solubility 


The utility of an aqueous solution in a homogeneous reactor depends on its physical and 
chemical stability over the range of desired reactor conditions. Of prime importance is 
the preservation of homogeneity over the desired concentration and temperature range. 

The solubility of uranyl sulfate in H,O has been determined by Secoy!*? from the ice — 
UO,SO, * 3H,O eutectic at —38.5° to 370°C. The data are given in Table 4.3.1 along with 
points determined by Helmholtz and Friedlander® at 30°, 35°, and 40°C and by Dittrich‘ for 
the freezing points of very dilute solutions. Other data appearing in the early literature® 
are not in good agreement and are not included in the table. Figure 4.3.1 shows the phase 
diagram for the system. From Fig. 4.3.1 it is apparent that, insofar as solid-liquid equi- 
libria are involved, the solubility of uranyl sulfate in H,O is higher at all temperatures 
from room temperature to 370°C than that required for any proposed homogeneous reactor. 

The analogous study of the solubility of uranyl sulfate in D,O has not been made, but it 
is assumed that the values would not be sufficiently different from those in light water to 
affect the feasibility of a uranyl sulfate-D,O solution. 

Solutions of uranyl sulfate in H,O not saturated with respect to the solid display a two- 
liquid phase region (miscibility gap) with a minimum critical solution temperature of 
284.5°C. The upper limit of the region is the critical temperature of H,O (374.0°C), at 
which temperature the water-rich liquid phase and the vapor phase become identical. This 
region has been studied extensively by Secoy! and by Jones and Marshall,® and their data 
are given in Table 4.3.2. A graph of the region plotted from the data of Jones and Marshall 
is included in Figs. 4.3.1 and 4.3.2. The data of the latter are believed more nearly correct 
than the earlier values in that there was a likelihood that the salt used by Secoy was con- 
taminated with traces of acid. Table 4.3.3 and Fig. 4.3.2 give analogous data for the 
UO,SO,-D,O system as determined by Jones and Marshall.® The upper temperature limit 
of homogeneous-reactor operation is determined by these curves. 


‘References appear at end of chapter. 
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Temp., °C 


- 556 


—0.0705 
—.1100 
— .200 
—.516 
— .948 


—17.7 
—22.9 
—38.5 
— 27.0 
30.0 
35.0 
40.0 
46.8 
57.3 
71.7 
80.8 
90.1 
93.5 
106.2 
116.8 
118.4 
119.9 
125.2 
134.9 
139.0 
140.7 
145.1 
149.6 
153.6 
168.6 
181 
152 
287 
311 
347 
365 
49.2 
93.2 
75.5 


(SSolid-liquid equilibria) 


m, moles UO,SO, 
per 1000 gm H,O 


0.03 
05 
10 
.30 
.60 

2.87 

3.33 

3.82 

3.84 

4.135 

4.171 

4.225 

4.31 

4.50 

4.73 

4.70 

5.02 

5.06 

5.26 

5.59 

5.73 

5.66 

5.90 

6.25 

6.51 

6.55 

6.72 

6.89 

7.14 

7.75 

8.66 

8.97 

7.15 

7.57 

7.33 

1.24 

4.70 

4.73 

5.06 


Solid phase 


Ice 

Ice 

Ice 

Ice 

Ice 

Ice 

Ice 

Eutectic 

UO,SO,-3H,O 
UO,SO, °3 H,O 
UO,SO,°3H,O 
UO,SO, 3 H,O 
UO,SO, °3H,O 
UO,SO,°3H,O 
UO,SO,°3H,O 
UO,SO, *3H,O 
UO,SO,°3H,O 
UO,SO, *3H,O 
UO,SO,-°3H,O 
UOSO, 3H,O 
UO,SO,+3H,0 
UO.SO, 3 H,O 
UO,SO,-3H,0 
UO,SO,°3H,O 
UO,SO, 3 H,O 
UO,SO, 3 H,O 
UO,SO, 3 H,O 
UO,SO, °3 H,O 
UO,SO, -3H,O 
UO,SO,:3H,O 
Transition 


UO,SO, vi H,O (m ) 


UO,SO,°H,O 
UO,SO,-H,O 
UO,SO,°H,O 
UO.,SO, 7, H,O 


UO,SO, “ 2H,O (m) 
UO,SO,-2H,0(m) 
UO,SO, , 2H,O (m) 


Table 4.3.1—Solubility of Uranyl Sulfate in Water 


Reference 


NONNFMFEFMENNNNDNNNNNNNNNNNNNNNNNWWANNNDN # HS Lh HP 
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Je Unsaturated Solution (Ly) + Vapor — 
UO09S0,4 + HO 
tT [ [ B Solution 


BP 


30 


250 


200 
O 
f° 
a 
ac 
= 
50 
ac 
WW 
a 
= 
J 
~~ 
100 
50 
O 
ice + Solution i 
es ice 4-06,560,5 5 6 es ee: ee ee 
ae aa a Se, ee ee 
O ; 2 3 4 5 6 7 8 9 


m, moles /1000 gm HO 


Fig. 4.3.1— Phase Diagram for the System UO,SO,-H,O. Submitted by Oak 
Ridge National Laboratory, Nov. 25, 1952. 
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Temp., °C 


335.1 
319.4 
310.1 
299.9 
295.8 
295.5 
297.5 
302.3 
308.2 
312.5 
316.2 
320.5 
339.6 
363.0 


304.7 
303.7 
300.8 
287 .6 
284.7 
284.7 
285.0 
288.1 
294.5 


AQUEOUS FUEL SYSTEMS 


Table 4.3.2 —Solubility of Uranyl Sulfate in Water 
(Liquid-liquid equilibrium) 


m, moles UO.sOo, 
per 1000 gm H,O 


Phase appearing 
or disappearing * 


Data from Secoy 


0.021 so 
089 Lo 
.170 ee 
.383 Lo 

- 700 ls 

1.265 ij 

1.876 ij 

2.527 Ly 

3.399 14 

3.872 Lj 

4.201 Ly 

4.517 om 

5.655 1 

6.687 i 


Data from Jones and Marshall 


0.107 Le 
110 Lo 
114 Ls 
.357 Lis 
.683 L, 

1.294 Ly 

1.464 Ly 

2.550 1, 

3.986 Ly 


*L, = water-rich liquid; Lz = UO,SQ,-rich liquid 


Critical temp. 


of L, 
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TEMPERATURE, °C 


310 


Ul 
Oo 
Oo 


N 
Ce) 
O 


280 


270 


Fig. 4.3.2 — Two-liquid Phase Region of Urany] Sulfate in Ordinary and Heavy 
Water. Submitted by Oak Ridge National Laboratory, Nov. 25, 1952. 


2 3 
m, moles U0,SO, / 1000 gm Hs 


Temp., °C 


282.7 
277.7 
274.7 
274.7 
276.3 
278.8 
286.6 
305.5 


4 


Table 4.3.3 — Liquid-Liquid Equilibrium in the System UO,.SO,-D,0° 


m, moles UO,SO, 
per 1000 gm D,O 


0.231 
375 
.684 

1.540 

2.105 

2.791 

3.934 

0.412 


O, D0 


CHAP. 4.3 


009 


CHAP. 4.3 AQUEOUS FUEL SYSTEMS 


Since it is conceivable to operate a homogeneous reactor with a solution in which the 
mole ratio of UO, to SO; is other than unity, studies of the miscibility gap in the three- 
component system UO,-SO,-H,O have been made by Secoy and co-workers.’~’® Their data 
are given in Tables 4.3.4, 4.3.5, and 4.3.6 and are presented graphically in Figs. 4.3.3 and 
4.3.4. The marked elevation of the miscibility gap by the addition of sulfuric acid makes 
possible much higher temperatures of operation, provided a suitable container material 
for the more acid solution is available and provided the increased pressure which ac- 
companies the increase in temperature is not excessive. 


Hydrolysis 


Uranyl sulfate solutions are quite acidic because of hydrolysis. No extensive study of 
the hydrolytic equilibrium and its temperature dependence has been made, but the pH as a 
function of concentration has been measured by McInnes and Longsworth,'! Helmholtz and 
Friedlander,* and Lietzke, Wright, and Marshall.’* Their data are shown graphically in 
Figs. 4.3.5 and 4.3.6. 

Also of interest in connection with the hydrolytic stability is the solubility of UO, in 
uranyl sulfate solutions as a function of temperature and concentration. Although a com- 
plete study has not been made, some data are available. These are presented in Tables 
4.3.7, 4.3.8, 4.3.9, and 4.3.10. The acidity of the UO,-rich solutions has also been studied, 
and some of the data are included in Tables 4.3.9 and 4.3.10. Additional pH data are given 
in Tables 4.3.11 and 4.3.12. 

The general trends indicated by the data are (1) that the solubility of UO, in uranyl sul- 
fate solutions decreases markedly with increasing temperature and (2) that the solubility 
is nearly independent of the uranium concentration except in very dilute solutions where 
it also decreases sharply. | | 


Reduction of the Uranyl Ion 


At elevated temperatures, the uranyl ion is subject to reduction if reducing species are 
present either in the solution or as constituents of the containing vessel. The products are 
either black insoluble UO, or U;0; or both. 


Radiation Stability (H. F. McDuffie) 


When fissioning takes place in aqueous fuel solutions of uranyl sulfate, the observable 
effects are those which follow upon the decomposition of water to hydrogen, oxygen, and 
peroxide. Except for the precipitation of uranyl peroxide as discussed below, it has not 
been possible to demonstrate any radiation instability of the uranyl sulfate. The leading 
reference for the decomposition of water by fissioning solutions" presents initial yields 
of hydrogen gas production for aqueous solutions of uranyl sulfate, fluoride, nitrate, and 
uranous sulfate, determined as functions of uranium concentration, isotopic enrichment, 
temperature, hydrogen ion concentration, and the presence or absence of various anions 
and added solutes. Values for Gy, (molecules of hydrogen produced per 100 electron volts 
of energy absorbed by the solution) are presented in Table 4.3.13 and Figs. 4.3.7 and 
4.3.8. For calculations in connection with aqueous reactor systems, it may sometimes be 
convenient to use the derived formula relating reactor power density to gas production: 


~K= 0.0052 X G X PD moles hydrogen/(1)(min) (1) 


where PD = the reactor power density in kw/l, and G = value appropriate for the solution 
being considered. This formula assumes that all the fission energy is absorbed by the 
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Table 4.3.4—Two-liquid Phase Coexistence Curve for Acid-rich Solutions in the 
System UO ;-SO;-H,O 


Phase 
H,SO,, M UO,SO,, m* Temp., °C separating Temp., °C Reference 

0.099 0.118 346.3 Ly 381.5 10 
296 323.9 Lo 10 

.900 305.5 Le 381.6 10 

1.405 304.1 Le 10 

2.618 307.8 Ly 10 

3.971 318.0 L, 10 

0.248 0.112 383.9 Le 393.0 10 
.300 347.5 Le 10 

.308 349.8 Ly 9 

.755 327.5 Le 9 

877 326.4 Le 392.9 10 

1.406 322.2 L, 10 

2.581 323.8 Li 10 

2.730 323.9 Ly 9 

3.901 331.2 L, 10 

0.365 0.722 340.2 L, 9 
-750 338.9 Le 9 

1.187 333.9 Le 9 

1.892 331.2 Le 9 

2.641 331.7 Ly 9 

3.466 333.7 L, 9 

0.480 1.189 353.2 L, 9 
1.858 342.7 Lo 9 

2.695 343.1 Ly 9 

3.244 344.8 Ly 9 

0.624 2.940 355.8 L, 9 


*m = moles/1000 gm H,O 
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Table 4.3.5 —Two-liquid Phase Coexistence Curve® for UO -rich Solutions in the 
System UO -SO,-H,O 


(Work of E. V. Jones and W. L. Marshall) 


SSS ee ee 
m, moles/1000 gm H,O 


062 


Mole ratio, UO,/SO, UOs SO, Temp., °C 
1.1 0.333 0.303 291.3 
1.1 451 .410 282.3 
1.1 072 920 281.3 
1.1 872 .793 279.3 
1.1 1.168 1.062 279.3 
1.1 1.803 1.639 279.3 
1.1 2.498 2.201 279.3 
1.1 3.190 2.900 279.3 
1.1 3.902 3.547 283.3 
1.1 4.413 4.012 290.3 
1.2 0.06 0.05 >338 
1.2 12 .10 >322 
1.2 -30 -29 290.3 
1.2 62 O2 280.8 
1.2 95 .79 277.3 
1.2 1.62 1.35 278.0 
1.2 2.34 1.95 276.6 
1.2 3.11 2.99 277.3 
1.2 3.86 3.22 279.3 
1.2 4.66 3.88 286.3 
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Table 4.3.6—MTwo-liquid Phase Coexistence Curve’ for Acid-rich Solutions in the 
System UO ;-SO;-H,O 


(Work of A. W. Wright, W. L. Marshall, and C. H. Secoy) 


Mole ratio, UO;/SO, 


0.893 


0.701 


0.531 


0.404 


0.339 


m, ‘moles/1000 gm H,O 


UO; 


SO, 


Temp., °C 


338 
327 
317 
308 
301 
299 
300 
303 
312 


340 
324 
321 
320 
322 
326 
337 


355 


351 
342 
342 
339 
348 
353 


379 — 


>525 


364 
358 
355 
356 
360 
370 
387 
>530 


370 
364 
366 
363 
372 
>525 
>530 
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Fig. 4.3.3—Two-liquid Phase Region in the System UO,SO,H,SOQ,-H,O. Submitted by 


Oak Ridge National Laboratory, Nov. 25, 1952. 
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Fig. 4.3.4 — Two-liquid Phase Region in the System, UO,-SO;-H,O. Submitted 


by Oak Ridge National Laboratory, Nov. 25, 1952. 
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Material No. | 
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Fig. 4.3.5 — The Effect of Material Preparation on the pH of Uranyl Sulfate Solu- 
tions of Various Concentrations at 22°C. Reprinted from MDDC-808. Submitted by 


Oak Ridge National Laboratory, Nov. 25, 1952. 
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Fig. 4.3.6 — The Relationship of Concentration to the pH in Aqueous Uranyl 
Sulfate Solutions at Various Temperatures. Submitted by Oak Ridge National 


Laboratory, Nov. 25, 1952. 
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Table 4.3.7 — Solubility of UO; in Urany] Sulfate Solutions® 


5968 


25°C | 100°C 
eee ll 
UO;, moles per SO;, moles per Mole ratio, UO;, moles per SOs, moles per Mole ratio, 
1000 gm H,O 1000 gm H,O UO;/SO, 1000 gm H,O 1000 gm H,O UO;/SO, 
0.264 0.171 1.54 0.204 0.160 1.28 
647 .418 1.55 470 361 1.30 
-790 545 1:45 .708 533 1.33 
1.164 843 1.38 989 785 1.26 
1.513 1.029 1.47 1.335 989 1.35 
1.875 1.302 1.44 1.712 1.268 1.35 
2.224 1.600 1.39 2.111 1.552 1.36 
2.716 1.968 1.38 2.615 1.937 1.35 
3.877 2.937 1.32 3.832 2.797 1.37 
Table 4.3.8 —Solubility of UO, in Uranyl Sulfate Solutions» 
Temp., °C Total U, moles/liter Sulfate, moles/liter Mole ratio, UO;/SO, 
25 0.168 0.105 1.600 
50 .084 .056 1.500 
50 126 .083 1.518 
50 168 113 1.487 
100 .084 062 1.355 
100 .126 .093 1.355 
100 -168 124 1:355 
150 084 068 1.235 
150 126 102 1.235 
150 168 136 1.235 
200 .084 075 1.120 
200 126 lll 1.135 
200 168 147 1.143 
250 .084 .080 1.050 
250 .126 .120 1.050 
250 168 157 1.070 
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Table 4.3.9 — Solubility of UO, in Urany] Sulfate Solutions® at 250°C 
(Work.of J. S. Gill, E. V. Jones, and W. L. Marshall) 


Total U, moles/liter Sulfate, moles/liter Mole ratio, UO,/SO, PH (25°C) 
0.0134 0.0127 1.06 3.80 
.0228 0220 1.04 3.40 
.0323 .0298 1.08 3.50 
.0525 .0518 1.01 3.31 
.0869 .079 1.10 3.52 
1458 1251 1.17 3.32 
2472 .2059 1.20 3.41 
6529 5317 1.23 3.20 
1.381 1.106 1.25 2.90 
1.506 1.185 1.27 2.91 
1.657 1.308 1.27 2.84 
2.392 1.812 1.30 2.66 
2.542 1.970 1.29 2.65 
3.002 2.341 1.28 2.52 
3.805 3.096 1.23 1.91 


Table 4.3.10 — Solubility of UO, in Urany] Sulfate Solutions’ at 175°C 
(Work of E. V. Jones, J. S. Gill, and W. L. Marshall) 


Total U, moles/liter Sulfate, moles/liter Mole ratio, UO;,/SO, PH (25°C) 
0.119 0.100 1.19 3.25 
292 209 1.22 3.30 
094 471 1.26 3.25 
.890 -680 1.31 3.20 
1.217 .948 1.28 3.20 
1.528 1.178 1.30 2.73 
1.790 1.360 1.31 2.80 
2.908 1.934 1.30 soc 
2.986 2.397 1.25 2.30 
4.020 2.964 1.36 2.20 
4.370 3.370 1.30 1.70 
4.440 3.380 1.31 1.90 
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Table 4.3.11 — Acidity of UO,-rich Urany] Sulfate Solutions'**!® at 25°C 


Total U, moles/liter Sulfate, moles/liter Mole ratio, UO,/SO, pH 
0.0840 1.000 2.71 

.0798 1.053 3.11 

0.084 0714 1.176 3.58 
0672 1.250 3.72 

.0630 1.333 3.83 

.0588 1.429 3.92 

0.1260 1.000 2.54 

1220 1.033 2.89 

1180 1.068 3.15 

1130 1.115 3.32 

0.126 .1090 1.156 3.46 
.1050 1.200 3.55 

1010 1.247 3.64 

.0966 1.304 3.75 

0924 1.364 3.81 

0.1680 1.000 2.43 

.1575 1.067 2.79 

1523 1.103 3.11 

.1470 1.143 3.23 

0.168 .1418 1.185 3.30 
1391 1.208 3.40 

1365 1.231 3.45 

1260 1.333 3.68 

1050 1.600 3.93 


Table 4.3.12 — Acidity of Urany] Sulfate Solutions'* with Excess UO, 


sO; sO, , Mole 
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pH 
U, moles per moles per moles per ratio, ee 
1000 gm H,O 1000 gm H,O siiter (25°C) UO,/SO, 25.0°C 35.0°C 44.8°C 59.8°C 

1.344 0.954 0.914 1.41 3.29 3.12 2.89 2.40 
0.333 .236 233 1.41 3.72 3.52 3.42 2.69 
.0331 .0235 0235 1.41 4.08 3.92 3.82 3.69 
.00329 .00233 .00233 1.41 4.32 4.19 4.12 3.99 
2.234 1.738 1.576 1.29 2.82 2.68 2.35 1.94 
0.536 0.417 0.405 1.29 3.35 3.18 2.91 2.59 
.0509 .0394 .0394 1.29 3.90 3.72 3.60 3.18 
.00507 .00392 .00392 1.29 4.21 4.08 3.89 3.74 
2.069 1.730 1.579 1.19 2.54 2.38 2.09 1.78 
0.497 0.416 0.405 1.19 3.19 3.08 2.71 2.41 
.0490 0411 .0411 1.19 3.78 3.59 3.46 3.08 
.00487 .00409 .00409 1.19 4.09 3.96 3.88 3.75 
1.904 1.738 1.606 1.10 2.10 1.96 1.72 1.36 
0.460 0.420 0.410 1.10 2.89 2.76 2.42 2.13 
.0455 0415 .0415 1.10 3.54 3.38 3.17 2.83 
.00453 .00413 004133 1.10 3.95 3.83 3.68 3.53 
1.593 1.00 1.24 1.18 0.98 0.93 
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Table 4.3.13 —Initial Rates of H, Gas Production from Reactor-irradiated Uranium Solutions 


Concentration, Enrichment, Fission energy: 
Solute gm U/1 em u235//] total energy pH Gu 
0.399 | 0.372 0.688 1.61 
4.03 3.76 957 3.26 1.66 
18.6 1.63 .906 2.90 1.48 
38.1 0.274 .619 0.95 
40.7 37.9 .995 2.42 1.53 
102.1 37.4 995 | 2.00 1.35 
105.2 38.9 995 0.10* 1.20 
108.4 40.1 .995 1.35 
6202.3 0.063 6273 0.69 
UOSO, 202.5 37.6 995 1.61 1.11 
203.4 189.6 .999 1.11 
227 .0 1.63 .906 0.98 
310.4 0.096 .364 .62 
386.0 1.63 | .906 .80 
431.3 37.8 .995 1.32 TT 
436.8 3.10 949 13 
477.2 0.148 .467 .56 
713.5 33.5 .995 .56 
796.0 37.4 .995 1.03 49 
4.25 3.96 0.959 4.25 1.63 
40.1 37.3 .995 3.32 1.58 
UO,F; 118.8 37.1 .995 2.98 1.36 
272.0 37.2 .995 2.64 1.11 
377.0 39.3 .996 1.35* 0.84 
405.7 42.3 .996 2.41 .95 
4.24 3.95 0.960 1.63 
UO, (NOs), 42.3 39.4 .995 2.05 1.5 
318.0 2.29 932 1.03 0.6 
420.1 36.9 .994 0.60 mats) 
42.2 39.3 0.995 1.95 1.45 
U(SQ,), 92.5 35.1 996 0.1 1.25 
350.0 32.0 .995 1 0.75 


*pH adjusted by adding acid 
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Pure H,O 

Fission Energy /Total Energy = 0.995 

Fission Energy/Total Energy 0.906 
eae Gamma Irradiation (0.02 M Br-) 


200 30 
CONCENTRATION, gm U/I solution 


Fig. 4.3.7 — Effect of Uranium Concentration on Hydrogen Gas Yields from 
Irradiated Uranyl Sulfate Solutions. Reprinted from CF-52-8-103. Submitted 
by Oak Ridge National Laboratory, Nov. 25, 1952. 
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solution, whereas actually Some gamma and some fast-neutron energy will escape. These 
reported yields all relate to solutions in light water. No reported yields for heavy-water 

solutions are known to the reviewer. Research on this problem is presently under way at 
ORNL. 

A secondary effect of radiation upon uranyl solutions is the formation and precipitation 
of uranium peroxide. In discussing the products of irradiation, Boyle et al!” present con- 
siderable additional support for the assumption that peroxide is an intermediate in the 
formation of oxygen. Thus, for every molecule of hydrogen formed by radiation decompo- 
sition of water, one may assume that one molecule of peroxide is also formed; i.e., Gy, = 
Gy,o,- If environmental conditions are such that this peroxide is not destroyed, its con- 
centration will rise until the associated equilibrium concentration of uranium peroxide 
exceeds its solubility limits. Studies of the kinetics of the decomposition of hydrogen per- 
oxide in uranyl sulfate solutions at temperatures up to 100°C have been carried out by 
McDuffie et al.'® The tolerable peroxide concentration, if precipitation is to be avoided is 
related to a reactor power level, in the case of fissioning solution, by the expression: 


C 


oes.) eee 
ra 0.0052 X G 


K, (2) 


where C,, = the allowable steady-state molar concentration of peroxide 
PD = reactor power density, kw/1 
K, = first-order rate constant for peroxide decomposition in the solution under 
consideration, min™! 


A brief study’® of the thermal decomposition of hydrated uranium peroxide in the pres- 
ence of excess liquid water was made by sealing water slurries of this compound into py- 
rex glass capsules which were then heated for measured lengths of time at various tem- 
peratures. Subsequent analyses for total uranium and peroxide uranium were used to 
measure the extent of decomposition. The half-life for decomposition at 100°C was re- 
ported as about 400 hr, whereas the reaction was said to be essentially complete in one 
hour at 185°C. 

Recent experiments at ORNL” have raised the possibility of the existence of precipitated 
uranium peroxide in uranyl sulfate solutions undergoing fission at high temperatures. 
From this work, it appears that the temperature dependence of the decomposition of per- 
oxide, the tolerable concentration of peroxide to avoid precipitation, and/or the rates of 
decomposition of crystalline uranium peroxide once formed must be more carefully eval- 
uated at elevated temperatures. 


PHYSICAL PROPERTIES (R. B. BRIGGS) 


Density 


Several investigators have measured the density of UO,SO,-H,O solutions at tempera- 
tures between 0° and 100°C. Data have been obtained by Orban at the Mound Laboratory 
for 0.174 to 2.473 molar solutions at temperatures of 20° and 30°C.”! Densities were 
measured at 30°C for solutions containing 25 to 60 wt-% of anhydrous uranyl] sulfate and at 
temperatures from 0° to 93°C for 51-, 39.9-, and 29.9-percent solutions by Helmholtz and 
Friedlander at Los Alamos.* Lietzke, Wright, and Marshall?’ at ORNL measured the 
density of 0- to 3.33-molar solutions at 25°C. 

Two series of measurements of solution densities at temperatures above 100°C have 
been reported by ORNL. Secoy determined the volume expansion of a 34.9-percent uranyl 
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sulfate solution at temperatures from 22° to 372°C. W. H. Davenport and R. H. Powell ob~ 
tained data for several concentrations at 50°C and for 4.6-percent solution at 184° to 232°C. 
These data are reported in convenient form by Marshall.”° 

Marshall has derived equations based on these data which relate the density of uranyl 
solution to that of water at the same temperature: 


1 
78.65 2 
U we 1.046 
= 590.9 + dio (4) 
a — 1.046 


where dgoin and dio = densities of solution and pure water, respectively, at the saturated 
vapor pressure and the temperature of interest 
U = concentration of uranium in wt-% 
S = concentration of sulfate in wt-% 


The equations agree with the experimental data to +0.5 percent at temperatures from 25° 
to 300°C with solutions containing less than 10 wt-% uranyl sulfate. Agreement to +1.0 per- 
cent in the temperature range 120° to 250°C and to +2.0 percent in the ranges 25° to 120°C 
and 250° to 280°C are obtained with concentrations from 10 to 50 percent. 

Van Winkle” presents curves and formulas relating solution densities to temperature 
and concentration based on a theoretical analysis. Agreement with the experiments is 
reasonable but not as good as that obtained with the empirical formulas of Marshall. 

Density data obtained by the investigators are presented in Tables 4.3.14 and 4.3.15. A 
curve of the density of water at the saturation pressure as a function of temperature is 
plotted in Fig. 4.3.9 for use with Eqs. (3) and (4). 

The data are in good agreement with curves and formulas of Van Winkle and with the 
following equation of Marshall obtained by substituting the density of D,O for that of H,O 
in deriving Eqs. (3) and (4): 


1 
at: re dp.o | (5) 
7 7 0. 
wt 400 6) 
priate 0.944 


A curve for the density of D,O at the saturation pressure as a function of temperature 
is also plotted in Fig. 4.3.9. 


Viscosity 


Viscosity data for the UO,SO,-H,O system at 20° and 30°C as reported by Orban of the 
Mound Laboratory are reproduced in Table 4.3.16. Van Winkle”4 has compared the data of 
Roarty et al with published data for H,O and D,O to obtain the curves shown in Figs. 4.3.10 
and 4.3.11. These curves are based upon extrapolation of low-temperature data to high 
temperatures and are not expected to be accurate. 


Heat Capacity 


Van Winkle has estimated the heat capacity of dehydrated uranyl sulfate by comparison 
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Conc., 


moles/liter 


0.0 
174 
4196 
.436 
644 
827 
8455 
.880 
986 

1.10 

1.233 

1.2597 

1.36 

1.406 

1.53 

1.604 

1.6755 

1.70 

1.792 

1.90 

2.0939 

2.11 

2.3249 

2.43 

2.473 

2.5635 

2.7244 

2.8718 

3.3309 

3.42 


Conc., 


wt-% UO SO, 


e 
0.0 


25.3 


30.0 


34.9 


38.0 


40.8 
44.0 
46.8 


50.6 


pif 


1.0543 


1.1381 
1.2028 
1.2614 


1.3127 


1.3911 


1.4440 


1.5072 


1.5658 


1.7789 


pi? 


0.9970 


1.1295 


1.2668 


1.4002 


1.5298 


1.6610 


1.7260 


1.7994 
1.8573 
1.9076 
2.0484 


Table 4.3.14 — Density of Uranyl Sulfate Solutions at 20°—30°C 


p33 


1.0521 


1.1341 
1.1986 
1.2567 


1.3068 


1.3839 


1.4383 


1.5610 


1.7727 


AQUEOUS FUEL SYSTEMS 


1.273 


1.349 


1.420 


1.476 


1.526 


1.585 


1.652 


1.758 


2.080 
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Table 4.3.15 —Effect of Temperature on Density of Uranyl Sulfate Solutions 


Density 
Temp., °C 4.4%75 4.6%75 29.9% 34.9%° 39.9%° 51%5 
0.0 1.3547 1.5350 

15.0 1.3499 1.5283 1.7959 
20.0 1.3479 1.5257 1.7926 
22.3 
25.0 1.3455 1.432 1.5228 1.7891 
30.0 1.3430 1.5199 1.7854 
35.0 1.3403 1.5166 1.7816 
40.0 1.3376 1.5133 1.7777 
45.0 1.5099 1.7736 
48.8 1.410 
50.0 1.028 1.3314 1.5064 1.7696 
55.0 1.5028 1.7655 
60.0 1.3249 1.4992 1.7612 
65.0 1.7569 
70.0 1.393 1.4913 1.7526 
70.2 1.3178 
75.0 1.7472 
19.4 1.3106 
79.9 1.4829 
80.0 1.7427 
88.0 1.380 
93.2 1.2998 
93.4 1.4713 
93.6 1.7300 

108:8 1.360 

129.2 1.340 

152.6 1.317 

175.7 1.294 

184 0.925 

187 1.282 

203 0.902 

231.7 1.227 

232 0.863 

249.4 1.199 

274 1.153 

303.8 1.081 

325.8 1.004 

345.8 0.911 

356.3 861 

366.5 .787 

371.5 .753 
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Table 4.3.16— Viscosity of Urany] Sulfate Solutions at 20° and 30°C 


Viscosity, cp 


Concentration, moles/liter 20° 30° 
0.174 1.128 0.8901 
436 1.359 1.063 
644 1.573 1.231 
827 1.809 1.403 
986 2.047 1.572 
1.233 2.509 1.921 
1.406 2.912 2.218 
1.604 3.501 2.641 
1.792 4.178 3.145 
2.473 8.541 6.256 
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Fig. 4.3.10 —Absolute Viscosity vs Temperature for H,O, D,O, and Aqueous 
UO,SO, Solutions. Submitted by Oak Ridge National Laboratory, Nov. 25, 1952. 


579 


AQUEOUS FUEL SYSTEMS 


CHAP, 4.3 


“SS6T ‘SZ °AON ‘AL07BI0QET [eUOTIEN a3pry Yeo Aq paytw 
-Qng ‘sainjeradula]l, SnojIvA je SUOTINIOS azes[Ng [AUBI, IO} UOTJEI}JUBDUOD SA Aj]SOOSTA —II'S'? rr) | 


%-3M “OS*ON 


OS 8v 96 vy cv Ov SE 9E we 2E OF B82 92 w2 22 O02 Bi MI vi St Oo 8s 9 vb 2 e) 


oO 
NW 


ae 
atti || 
rT a 


ELE EEL ; 
O’e 


KLISOOSIA 3LMOSEV 


re) 0 
© 
do. * 


'D 


OS 


= 


—f | ft | ft TN 


580 


PROPERTIES OF AQUEOUS SOLUTION SYSTEMS CHAP. 4.3 


with uranyl nitrate and with salts of other metals and has estimated the heat capacity of 
solutions of uranyl sulfate in D,O. His estimated heat capacities of solutions at 25°C are 
given” in Table 4.3.17 and plotted in Fig. 4.3.12. 

The heat capacity of UO,SO,-D,O solutions at other temperatures is estimated by the 
equation: 


(Cpr = (Cos ep OHE (7 


where the subscripts T and 25 refer to temperatures on the Centigrade scale at which the 
respective values for Cp are to be obtained. 

The heat capacity of H,O as a function of temperature is presented in Fig. 4.3.13. Values 
plotted are those estimated by Van Winkle.”4 

Included in Table 4.3.17 and Fig. 4.3.12 are estimated heat capacities for the UO,SO,- 
H,O system at 25° and 250°C based upon data given by Van Winkle.“ A curve of heat ca- 
pacity of H,O vs temperature obtained from Harrison’s report” is presented in Fig. 4.3.13. 
The formula: 


[Cp (H,0)] 

=(C 8 
where the symbols are defined as are those in Eq. (7), may be used to estimate the heat 
capacities of UO.SO,-H,O solutions at elevated temperatures. 


Surface Tension 


The surface tension of UO,SOQ,-H,O solutions has been measured by Orban”! at the 
Mound Laboratory. These data are given in Table 4.3.18. 

Van Winkle” presents curves (Fig. 4.3.14) relating the surface tensions of several 
uranyl sulfate solutions to temperature. They are based upon surface-tension data from 
Dorsey,’’ Kirshenbaum’s measurements” indicating that there is essentially no difference 
between the surface tension of H,O and D,O at 25°C, and on measurements of UO,SO,-D.O 
solutions obtained by Roarty et al”* at temperatures between 30° and 80°C. 


Refractive Index 


The index of refraction of UO,SO,-H,O solutions at 25°C has been revorted by Marshall.” 
Data are presented in Table 4.3.19. 


THE SYSTEM UO,F,-H,O AND RELATED SYSTEMS 


CHEMICAL PROPERTIES 


Chemical Stability (C. H. Secoy) 


Uranyl fluoride, like uranyl sulfate, is strongly hydrolyzed in solution, and as a conse- 
quence, excess UO, is readily soluble in uranyl fluoride solutions. The solubility behavior 
of the system is dependent on the stoichiometry of the salt. The system can be studied as 
a simple two-component system, stoichiometric UO,F,-H,O, or it can be treated more 
adequately as a three-component system, UOQ,-HF-H,O. In fact, at high temperatures 
where the vapor phase contains HF as well as H,O, it must be treated as a three-component 
system. 
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Table 4.3.17 —Heat Capacities of Uranyl Sulfate Solutions 


Estimated heat capacity at 25°C, cal/(gm) (°C) 


UO,SO,, wt-% D.O solutions H,O solutions 
0 1.005 0.9983 

10 0.916 .905 
20 .830 809 
30 745 114 
40 .658 .619 
50 568 523 
60 474 428 
7Q 310 333 
80 202 238 
85.9 (UO.SO,-3D,0) .174 

87.2 (UO,SO,-3H,0) .170 


gm-cal /(gm)(°C) 
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Fig. 4.3.12—Heat Capacity of Aqueous Uranyl Sulfate Solutions. Submitted by 
Oak Ridge National Laboratory, Nov. 25, 1952. 
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Fig. 4.3.13 —Heat Capacity vs Temperature for Ordinary Water. Submitted by 
Oak Ridge National Laboratory, Nov. 25, 1952. 


Table 4.3.18—Surface Tension of UO,SO,-H,O Solutions at 20°C 


Conc., moles/liter Surface tension, dynes/cm? 
0.174 72.90 
.436 73.03 
.644 73.46 
827 73.88 
.986 74.26 
1.406 75.23 
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tions. Submitted by Oak Ridge National Laboratory, Nov. 25, 1952. 
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Table 4.3.19 — Refractive Indices of UO,SO,-H,O Solutions at 25°C 


Conc., moles/liter Refractive index 

0.0 1.3320 

-4196 1.3452 

8455 1.3583 
1.2597 1.3705 
1.6755 1.3844 
2.0939 1.3973 
2.3249 1.4024 
2.5635 1.4089 
2.7244 1.4145 
2.8718 1.4189 
3.3309 1.4312 


The solubility of stoichiometric UO,F, in water has been reported by Katz,*" by Kunin,*! 
and in a much more complete manner by W. L. Marshall, J. S. Gill, and C. H. Secoy. >” 
Their data are presented in Tables 4.3.20, 4.3.21, and 4.3.22, respectively, and are shown 
graphically in Fig. 4.3.15. This system, like the uranyl sulfate system, displays a two- 
liquid phase region which, however, differs in that its upper temperature limit is an in- 
variant system (Solid - Liquid I - Liquid II - Vapor) rather than the critical vanishing of 
one of the liquid phases. 

The minimum in the two-liquid phase co-existence curve has been studied by Jones and 
Marshall® in both H,O and in D,O. Their data’ appear in Table 4.3.23. As in the case of 
uranyl sulfate, the minimum is approximately 10° lower in D,O than in H,O. 

A portion of the acid-rich system, UO,F,-HF-H,O, has been studied at 25°C by Kunin.*! 
His data are given in Table 4.3.24 and Fig. 4.3.16. The solubility of UO, in uranyl fluoride 
solutions has been reported by Jones, Gill, Marshall, and Secoy’” at 175° and 250°C and is 
reported in Table 4.3.25. This study is being extended to other temperatures. 

The effect of excess HF or UO, on the two-liquid phase region has not been studied 
quantitatively. 

The acidity of stoichiometric uranyl fluoride solutions as reported by Marshall, Gill, 
and Secoy*’ is given in Table 4.3.26. The pH of the high-temperature UO,-saturated solu- 
tions as measured after cooling to 25°C is included in Table 4.3.25. 


Radiation Stability 


See discussion of this subject under Properties of Uranyl Sulfate Solutions. 


PHYSICAL PROPERTIES (H. O. DAY) 
Densities in the UO,F,-H,O and UO,-HF-H,O Systems” 
Densities for these systems are shown in Tables 4.3.27 through 4.3.31. 


Viscosity and Thermal Conductivity 
No data on these properties were found for the UOQ,-HF-H,O system. 


Heat Capacity*’ of Solid UO,F, 


Heat capacity is given for solid anhydrous UO,F, (no more than 0.07 wt-% impurity) 
from 13° to 418°K (—260° to +145°C). 
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Table 4.3.20 — Solubility of Uranyl Fluoride in Water 


Temp., °C UO,Fo, wt-% 
25.0 67.3 
75.0 69.6 
99.9 12.4 


Table 4.3.21 — Solubility of Uranyl Fluoride in Water 


Temp., °C UO.F,, wt-% 
1 61.4 
25 65.6 
60 71.0 
100 | 14.1 
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UO,F>, wt-% 


44.23 
47.72 
50.76 
55.49 
57.28 
58.54 
61.20 
62.58 
64.25t 
64.28 
64.30 
64.40 
66.09 
66.50 
67.78 
67.25 
68.45 
68.42 
69.37 
71.73 
73.02 
76.98 
81.72 
81.40 
82.61 
83.0t 
82.53 
81.22 
77.05 
72.31 
70.5T 
66.46 
61.98 
55.13 
49.24 
40.98 
36.1 
34.76 
26.75 
23.0 
19.36 
13.86 
10.85 


Table 4.3.22 —tThe System Uranyl Fluoride-water 


Temp., °C 


—4.2 
—5.0 
—5.9 
—7.8 
—8.1 
—9.2 
—10.9 
—11.9 


—13.2f 


~—10.7 
0.0 
10.1 
19.7 
30.5 
39.8 
51.2 
54.3 
60.1 
65.8 
75.0 
89.8 
125 
150 
195 
219 
240t 
243 
252 
283 
322 
347T 
324 
320 
314 
314 
313 


313 
313 


314 
313 


Equilibrium phases* 


S,-L-V 
S,-L-V 
S,-L-V 
S,-L-V 
S,|-L-V 
S,|-L-V 
S,-L-V 
S,;-L-V 
S,-S,-L-V 
S,-L-V 
S,-L-V 
S,-L-V 
S,-L-V 
S,-L-V 
S,-L-V 
S,-L-V 
S_-L-V 
S,-L-V 
S_-L-V 


a , 
S_-L-V 
Sq-L-V 
S.-L-V 
S,-S,-L-V 
S,-L-V 
S,-L-V 
S,-S,-L-V 
S,.-L-V 
S,-L-V 


S,-L-V 


a 

S_-L-V 
S_-L,-L,-V 
Lj-L.-V 
L,-L,-V 
L,-L,-V 
L,-L,-V 
L,-L,-V 


 Ly-L,-V 
L,-L,-V 


| 


Invariant temp., 
°C (S_-Ly-L2-V) 


344 


347 
347 
347 


347 
344 


Critical temp., 
°C (L,-V) 


376 


378 


377 


*S, = solid ice; S, = solid a-UO,F,°2H,O; Sg = solid BUO,F.°2H,O; S, = solid aUO,F,:XH,O; 


L = saturated solution; L,; = H,O-rich liquid; L, = UO,F,-rich liquid; V = vapor 


Tt Extrapolated values 
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°C 


Unsaturated 
Solution 


- a 
; TET Ey y | 
100 f 


TEMPERATUR 


@ U0, F, 2H,0 
+ Solution 


tae ete 


” UOsFe 9 os ‘7 


100 


Fig. 4.3.15—‘The System Uranyl Fluoride-Water. Submitted by Oak Ridge Na- 
tional Laboratory, Nov. 25, 1952. 
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Table 4.3.23 — Two-liquid Phase Temperatures for Uranyl Fluoride in H,O and D,O 


In H,O In D,O 
Temp., °C UO,F,, wt-% Temp., °C UO,F,, wt-% 
350 4.42 340 5.24 
326.2 14.73 340 16.12 
315.8 24.77 308.4 18.67 
315.8 36.99 310.4 20.85 
315.3 91.90 307 .4 26.01 
322.2 65.15 307.4 36.25 
308.7 52.43 
312.6 59.86 
313.1 62.80 
Table 4.3.24— The System UO,F.-HF-H,O at 25° 
Liquid phase Wet solid 
HF, % UO.F,, % H,O, % Specific gravity HF, % UO,F,, % H,O, % 
0.0 65.55 34.45 2.224 
1.28 47.58 51.14 ‘ oe oe 
3.59 39.78 56.63 ee ‘ : 
9.78 32.25 57.97 1.430 Sins oes oes 
11.88 31.88 56.24 1.440 8.52 91.95 39.53 
20.70 22.29 57.01 sas 18.20 32.50 49.30 
29.75 18.19 56.01 a 14.51 51.25 34.24 
12.06 64.47 23-47 
32.51 11.35 56.14 1.231 3.50 83.76 12.74 
41.70 6.10 52.20 eee 8.77 75.2 16.03 


Table 4.3.25 — The Solubility of UO, in Uranyl Fluoride Solutions at 175° and 250°C 


175°C 250°C 
SS ee 
Mole ratio Mole ratio 
U,wt-% F, wt-% U/2F pH 25°C U,wt-%  F, wt-% U/2F pH 25°C 
1.14 0.18 1.012 4.65 3.89 0.672 0.924 2.92 
3.99 -60 1.033 4.40 14.64 2.38 982 3.50 
5.23 81 1.022 4.30 19.68 2.95 1.07 3.90 
18.11 2.63 1.100 3.90 26.54 3.75 1.13 3.60 
30.78 4.23 1.161 3.97 29.99 4.33 1.11 3.49 
35.62 4.93 1.153 3.37 39.84 5 .67 1.12 3.90 
41.45 5.20 ' 1.273 3.20 42.07 5.77 1.16 3.25 
47.13 6.24 1.206 2.70 42.93 §.91 1.16 3.10 
50.17 6.32 1.267 2.60 46.51 6.78 1.09 2.85 
55.95 7.24 1.240 1.60 
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UO,F,, wt-% 


2.112 
7.565 


13.86 
19.39 
26.75 
34.76 
40.98 
49.24 
55.13 
61.98 


Density 


1.0136 
1.0699 
1.1349 
1.2005 
1.3016 
1.4411 
1.5754 
1.7511 
1.9212 
2.1764 


Table 4.3.26 —The pH of Uranyl Fluoride Solutions at 25°C 


pH, 25°C 


3.70 
3.18 
2.86 
2.69 
2.90 
2.29 
2.13 
2.05 
1.76 
1.52 


Table 4.3.27 —Solubility of UO,F, in Water 


Temp., °C Wt-% Moles/liter 
25 .0 67.3 5.18 + 0.02 M 
75.0 69.6 §.59 
99.9 712.4 6.08 


Table 4.3.28— Specific Gravity of UO,F, Solutions® at 25°C 


Concentration* 

Concentration,* molar Molar Wt-% 
0.50 0.502 13.62 

1.00 ) 1.004 24.29 

2.00 2.004 39.99 

3.00 3.009 §1.17 

4.00 4.012 59.45 

5.00 5.030 65.98 

5.180 (Sat’d) 66.40 


* From 0 to 4M the data are represented by the equation: 
D = 0.997 + 0.277M — 0.0015M? 


where M = molarity 
t Accuracy = +0.001 gm/ml 
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2.405 
2.472 
2.988 


1.136 
1.274 
1.544 
1.812 
2.079 
2.349 
2.400 


Density, gm/ml 


Sp.*4 grav. ¢t 


(9) 
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Table 4.3.29 — Densities in the UO,F,-HF-H,O System”! 


* Partially dried 


2.112 
7.565 


13.86 
19.39 
26.75 
34.76 
40.98 
49.24 
55.13 
61.98 


Composition liquid, wt-% 
Sr ea, 


UO,F, , 


65.55 
32.25 
31.88 

1.35 


U0O.F, conc., wt-% 


HF 


Density* 


1.014 
1.070 
1.135 
1.200 
1.302 
1.441 
1.575 
1.751 
1.921 
2.176 


Wet solid 
HF UO,F, 
8.52 51.95 
12.06 64.47 
3.50* 83.76* 


Table 4.3.30—Densities of Uranyl Fluoride Solutions®’ at 25°C 


Density*® 


1.0136 
1.0699 
1.1349 
1.2005 
1.3016 
1.4412 
1.5754 
1.7511 
1.9212 
2.1764 


* Listed in paper submitted for publication in Jour. Am. Chem. Soc. 
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Table 4.3.31 —Density of Uranyl Fluoride Solutions” 


UO,F, conc., wt-% Density, gm/cc 


Averaged analytical, a 
Analytical dilutions* Exp. Cal.t 30°C (exp.) 

2.495 1.0202t 1.0203 

4.999 4.985 1.0443 1.0444 1.0429 
5.025 1.0448 1.0448 

10.20 10.20 1.0983 1.0984 1.0967 

20.08 20.09 1.2164 1.2167 1.2146 
20.46 20.48 1.2219f 1.2219 
30.09 30.10 1.3632 1.3635 

30.14 30.18 1.3632 1.3646 1.3607 

40.30 1.5509 1.5516 1.5481 

50.27 50.27 1.7893 1.7899 1.7859 

61.50 61.63 2.1627 2.1622 2.1589 


* These values were obtained by considering all analyses in a series of quantitative dilutions. 
Calculated values based on these concentrations. Concentration is principal uncertainty. 
t Calculated by equation: 


=. 1.0029 — 0.9126 F, + 0.0578 F3 (10) 


where d is density and F, is weight fraction of UO,F, 
¢ These values were determined by gradient tube method. All others by pycnometer of about 
25 cc capacity 


THE SYSTEM UO,(NO;),-H,O AND RELATED SYSTEMS (E. V. JONES) 


CHEMICAL PROPERTIES 


The monohydrate UO,(NO;),°H,O is prepared by heating the dihydrate to 165°C in a 
stream of HNO, vapor and CO, for 3 hr;** anhydrous UO,(NO,), is prepared from 
UO,(NO,), °3H,O by dehydrating below 130°C under HNO, vapor and CO, for more than 60 
hr. 


Thermal decomposition pressures are as follows: 


Temp., °C 87 131 141 150 # 160°°-4° 
Press.,.mm 95 157 219 340 540 


2U0,(NO,), —> 2U0, + 4NO, + O, 


The heat of decomposition by the Nernst approximation formula is 39.442 kcal. The dis- 
sociation in solution is UO,(NO3). == UO,NOJ + NO,. Alpha values are: 


Eq./1 1.000 0.500 0.250 0.125 0.0625 
a 0.78 0.80 0.82 0.88 0.94 


At concentrations less than 0.01 molar, a second dissociation occurs; i.e., UO,NOS = 
UO;* + NOs. 
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The boiling points of the hydrates of UO,(NO3), are as follows“! (vapor pressure of water 
equals one atmosphere): 


Monohydrate 292°C  Trihydrate 176°C 
Dihydrate 281°C Hexahydrate 128°C 


A saturated solution of UO,(NO,), at 22°C gave a yellow cloudy solid on a quartz tube at 
264°C, more at 290°C with yellow vapor, and yellow precipitate at 335°C. Vapors deepened 
to wine red at 380°C. As the temperature dropped, the color changes reversed. The solu- 
tion was a clear yellow at all temperatures,” 


Solubility 


Solubility data for the uranyl nitrate—water system from 60° to 184°C are given in 
Tables 4.3.32 and 4.3.33. The melting point of the dihydrate is 184°C; decomposition oc- 
curs above 184°C. The incongruent melting point of the trihydrate is 113°C.“ 

belay is evidence that UO,(NO,).°6H,O changes to UO,(NOg).° 24H,O between —25° and 

235°C." 

At temperatures above 250°C, uranyl nitrate solutions are found to hydrolyze,* precipi- 
tating anhydrous or hydrated UO;. Table 4.3.34 gives the highest temperatures at which 
the solutions are stable. Stability data for UO,(NO,), solutions for periods greater than 
200 hr, during which no significant decomposition occurs, are given in Table 4.3.35. All 
runs were made with oxygen of not less than 200 psi when reduced to room temperature. 
The solid phase appearing in this study was thought to be one of the two polymorphic forms 
of UO; ° H,O. 

Further data showing the lowest temperatures at which UO,(NO,),-HNO, solutions begin 
to hydrolyze to UO, are summarized in Table 4.3.36. The results of a study of the thermal 
decomposition of aqueous uranyl] nitrate solutions are summarized in Tables 4.3.37 and 
4.3.38. 


Radiation Stability 


See previous discussion given for uranyl sulfate systems. 


PHYSICAL PROPERTIES OF URANYL NITRATE - WATER SYSTEMS 
(H. O. DAY, JR. AND C. H. SECOY) 


Density 


UO, (NOs)3 in HO 


The densities of aqueous solutions of uranyl nitrate over a wide range of concentrations 
and at temperatures up to 100°C have been reported by a number of workers (references 
48-51, 40, 44, and 52-55). In addition, such references as the International Critical 
Tables,” Gmelin’s Handbuch,°*® the Landolt-Bornstein Tabellen,*® and Mellor’s Treatise’ 
quote values from the original literature or present smoothed values derived therefrom. 
In view of the ready accessibility of these data, they are not reproduced here. 

A graphic inspection of all the values for the density at 25°C as a function of concentra- 
tion discloses that all data obtained prior to 1940 lie on a smooth curve, whereas all values 
reported since 1940 agree well with another smooth curve but are not in agreement with 
the earlier data. The more recent data are consistently about 1.2 percent higher. The 
reason for this increase is not obvious, and whether it reflects improved techniques in 
density determinations or greater purity of materials is not known. In view of the care 
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Table 4.3.32— The Solubility of Uranyl Nitrate in Water,“ 60°—184°C 
Solid phase 
Temp aed UO, (NO )o " liquid ‘ % UO, (NOs) ; % Composition 

70 77.25 UO, (NO ).°3H,O 

17 87.08 (theoret. 87.95) UO, (NOy),° 3H,O 

77.2 78.49 UO, (NO; 9 3 H,O 

85 79.92 UO, (NO,)." 3H,O 

90.5 80.98 UO, (NO3),"3H,O 

92 81.37 87.05 UO, (NOy)_"3H,O 
100 82.57 UO, (NO, )e° 3H,O 
110 84.14 UO, (NO; )o° 3 H,O 
113* 84.67 UO, (NO3)_°3H,O + 

UO, (NO ),"2H,O 

120 85.25 UO, (NO3)°2H,O 
130 86.13 UO, (NOs)_°2H,O 
133 86.54 UO, (NO3)4° 2H,O 
137 87.07 UO, (NO3)o° 2H,O 
141, 2 87.02 UO, (NO )o°2H,O 
141.5 90.58 (theoret. 91.63) UO, (NO3)°2H,O 
147 87.75 UO, (NOs)°2H,O 
154.5 88.23 UO, (NO3).°2H,O 
159 88.74 UO, (NO3)o° 2H,O 
160 88.94 UO, (NOs) . 2H,O 
165.5 89.22 UO, (NO3)9° 2H,O 
172 89.92 UO, (NOs),°2H,O 
180 90.78 UO, (NOs3)o° 2H,O 
181 91.01 UO, (NOs e 7 2H,O 
184T 91.63 UO, (NOs3)o° 2H,O 


* Intersection point for incongruent melting point, trihydrate 
ft True melting point, dihydrate 


Table 4.3.33 — Melting Point Determinations** 


UO, (NOs3)., wt-% 87.2 87.5 89.1 89.9 91.63 
First observed melting, °C 113 113 113 112 184 
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Table 4.3.34— High-temperature Stability Limits of UO,(NO;), Solutions® with Excess HNO, 


UO, (NOs). conc., M Excess HNO; conc., M Temp., °C 
0.055 None 265 + 7 
322 None 265 + 9 
-280 0.09 $271 43 
241 | 16 281 +3 
349 70 301 + 11 
.350 .90 =279 +3 
322 2.00 =298 


1.000 None >288 + 2 


Table 4.3.35 —Long-term Stabilities of UO,(NO;), at High Temperatures“ 


UO, (NO3)., M HNOs, M Temp., °C Total time, hr 
0.055 None 250 — 260 397 
2322 None 260 + 4 213 
349 0.7 295 +5 193 
.340 9 250 — 281 973 
1.00 None 249 — 291 880 


Table 4.3.36 — Data on UO,-HNO,-H,O System“ 


Analytical molarities Molalities 
Excess NO; Excess NO; 
Temp., °C U Total NO; (by dif.) U Total NO; (by dif.) 
265 + 5* 0.055 0.110 0.000 0.055 0.110 0.000 
265 + 5* 322 644 -000 331 662 000 
313 + 5* 945 1.89 00 1.025 2.05 -00 
269 + 2* 015 0.10 -09 0.015 0.10 09 
281 + 2* 241 56 .08 247 7 08 
329 + 2 951 2.00 10 1.037 2.18 ll 
315 +5 398 1.10 .38 0.374 1.15 40 
341 + 2 892 2.08 30 973 2.27 32 
350 + 2 .984 2.35 38 1.085 2.59 42 


* Taken from previous data 
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uO, (NO, e 6 H,O : 
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wt-% 


3.24 


12.52 


30.53 


54.78 


54.78 


72.48 


72.48 
85.83 


91.62 


AQUEOUS FUEL SYSTEMS 


Table 4.3.38-—Thermal Decomposition of Aqueous Uranyl Nitrate Solutions“ 


Run 


No. Temp., °C 


1 250 
260 
270 


2 280 
288 — 295 
295 


3 285 
300 
314 


4 250 
260 
270 
320 
338 


5) 350 


6 240 
275 —300 

312 

328 


1 330 


8 208 
215 
222 
280 


9 184 


Mixing 
time, hr 


18 
4 
4 


Observations 
a, 
Solution Vapor 

Clear Colorless 
Clear Colorless 
Yellow solid appeared Colorless 
Clear Colorless 
Clear Slight yellow-brown 


Yellow solid appeared 


Clear 
Clear 
Yellow solid appeared 


Clear 
Clear 
Clear 
Clear 
Clear 


Yellow solid precip- 
itated 


Clear 
Clear 
Clear 
Yellow solid appeared 


Yellow solid appeared 


Clear 

Clear 

Yellow solid appeared 

No increase in pre- 
cipitation (?) 


Melting point of 
UO, (NO3)9 is 2H,O 


Yellow-brown 


Slight yellow-brown 
Yellow-brown 
Red-brown 


Colorless 

Slight yellow-brown 

Yellow-brown 

Red-brown 

Intense red-brown (tube 
explosion) 


Intense red-brown 


_ Slight yellow-brown 


Red-brown 
Intense red-brown 
Intense red-brown 


Intense red-brown 


Slight yellow-brown 
Red-brown 
Red-brown 


Red-brown above 
184°C 
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required to obtain uranyl nitrate free of excess nitrate ion, it may be that the material 
used in the earlier work was always contaminated with excess HNO. 
The curve for the more recent data can be described by the empirical equation: 


p25 = x,(a + b x,) + 0.99704 x, 


where x, = the mole fraction of UO,(NO,)., x, = the mole fraction of water, and a and b are 
constants (a = 18.95; b = —59). This equation reproduces all data obtained since 1940 with 
a mean error of less than 0.2 percent. 

The earlier data can be described by the same equation, but in order to secure equally 
good agreement, it is necessary to select different values of the constants a and b for dif- 
ferent concentration ranges, as follows: . 


10°x, a b 
0-1.5 15.43 ~—113.3 
1.5—12.6 15.00 +175.5 
12.6 —32.0 17.75 —43.0 
32.0 —saturation 18.64 —%71.25 


For purpose of calculation, the equation can be put in the form: 
pe = x,(a — 1 + bx,) + 0.99704 


The temperature dependence is not so easily amenable to a simple empirical expression. 
The data of Grant et al,“ are more complete than those of any other and, insofar as one 
can judge, are as reliable. They are reproduced in Table 4.3.39. For convenience, the 
- data on surface tension and viscosity taken from this reference are included in the table. 


Three-component Systems: UO3(NOs3);-H,;O-X 

Densities for the system UO,(NO;).-HNO,-H,O are available in graphic form*® and are 
not reproduced here. Additional data appear in Table 4.3.40. 
UOs(NO3), Solutions Containing H,SO, and HNOs 

Densities of solutions of uranyl nitrate containing bot sulfuric acid and nitric acid have 
been reported by Turk and Olson. Their values are given in Table 4.3.41. 
Viscosity of Uranyl Nitrate Solutions 


For the data of W. E. Grant et al, see Table 4.3.49. Further viscosity data are given by 
Clagett® and are presented in Table 4.3.42. 


Thermal Conductivity 
No thermal conductivity data could be found for the UOQ,;-HNO,-H,O system. 


Heat Capacities of Uranyl Nitrate Solutions 


The Project Handbook, Report CL-697, reports the heat capacities of some uranyl nitrate 
solutions. These heat capacities are shown in Tables 4.3.43 and 4.3.44. The values were 
obtained by interpolation between the heat capacity of pure water and the heat capacity of 
solid UO,(NO,), * 6H,O as determined by Coulter et al® and reproduced in Table 4.3.45. 
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Table 4.3.39 —Density, Surface Tension, and Viscosity of Uranyl Nitrate Solutions 


600 


UO, (NO3;).°6H,O Density, Surface tension, Absolute 
Temp., °C conc., moles/liter gm/cc dynes/cm viscosity, cp 
0 0.1529 1.0509 1.90 
25 1523 1.0473 0.943 
30 1521 1.0459 844 
40 1515 1.0420 .691 
50 .1507 1.0365 .580 
60 .1501 1.0324 492 
0 0.2291 1.0740 716.4 1.98 
20 -2286 1.0714 713.3 1.11 
25 2283 1.0703 72.4 0.989 
30 -2280 1.0687 71.6 .884 
35 2277 1.0671 70.6 .796 
40 2213 1.0651 69.8 .726 
50 2262 1.0609 68.5 .603 
60 22003 1.0559 66.9 514 
80 .2230 1.0457 63.2 
100 .2201 1.0315 59.9 
0 0.4127 1.1328 76.6 2.19 
20 4112 1.1291 73.4 1,22 
25 -4107 1.1275 72.7 1.09 
30 .4102 1.1260 72.0 0.974 
35 .4094 1.1240 71.3 .880 
40 .4088 1.1219 70.4 .794 
50 4071 1.1175 69.0 .668 
60 .4053 1.1124 67.5 .068 
80 .4019 1.1026 63.6 
100 .3966 1.0889 60.6 
0 0.4842 1.1575 2.26 
20 .4828 1.1540 1.28 
29 4821 1.1522 1.14 
30 .4815 1.1506 1.02 
35 .4804 1.1488 0.195 
40 .4800 1.1477 832 
50 ATTT 1.1423 .696 
60 4755 1.1369 987 
0 0.6250 1.1985 76.8 2.43 
20 6219 1.1920 73.7 1.33 
25 .6210 1.1903 73.0 1.22 
30 .6201 1.1886 12.2 1.09 
35 6191 1.1867 71.5 0.978 
40 6181 1.1847 70.6 892 
50 .6158 1.1800 69.2 -745 
60 .6131 1.1748 67.8 .632 
80 .6074 1.1642 64.2 
100 .5995 1.1492 61.0 
0 0.8316 1.2701 77.6 
20 8271 1.2634 74.6 
25 .8260 1.2615 73.9 
30 .8247 1.2596 73.4 
35 8231 1.2570 72.7 
40 8215 1.2546 71.8 
50 .8181 1.2495 70.3 
60 .8145 1.2440 69.0 
80 .8063 1.2314 65.0 
100 .7980 1.2187 61.9 


Temp., °C 


42.5 
48.1 
50.5 
53.8 
59.9 
62.9 
93.5 
96.0 
96.0 
104.0 
106.0 
106.0 
106.0 
110.2 
111.0 
160T 
130.0 


PROPERTIES OF AQUEOUS SOLUTION SYSTEMS 


Table 4.3.40 — Densities of UO,;—HNO,—H,O Solutions 


Density 


1.012 
1.033 
1.073 
1.114 
1.214 
1.213 
1.241 
1.419 
1.752 
2.088 
2.101 
1.900 
1.821 
1.681 
1.338 
1.354 
1.372 
1.462 
1.482 
1.501 
(2.17)* 
(2.07)* 
(2.17)* 
2.26 
2.19 
2.18 
2.90 
2.99 
2.04 
2.77 
2.92 
3.11 
2.84 
2.92 
3.34 
2.95 
3.17 


Us, % 


1.52 
3.28 
6.71 
9.95 
17.0 
17.2 
18.5 
28.2 
40.4 
49.4 
49.8 
43.7 
40.9 
25.3 
22.79 
22.79 
22.79 
28.48 
28.48 
28.48 
36.8 
44.9 
46.5 
90.4 
53.2 


(52.4)* 


58.0 
58.7 


(61.5)* 
(59.0)* 


62.4 
62.8 
62.8 
62.9 


(60.8)* 


64.2 
64.5 


0.36 
82 
1.81 
2.74 
4.65 
4.70 
5.11 
8.07 
13.0 
15.9 
16.0 
17.2 
18.2 
39.8 
10.04 
12.04 
14.04 
12.55 
14.55 
16.55 
32.1 
29.9 
28.5 
26.6 
28.8 
31.7 
27.6 
26.3 
26.9 
29.6 
26.4 
26.9 
31.3 
23.9 
29.3 
28.6 
26.2 


HNOs, % 


Solid phase 


UO, t XH,O 
UO,-XH,O 
UO,-XH,O 
UO,:XH,O 
UO,-XH,O 
UO,:XH,O 
UO,-YH,O 
UO,-YH,O 
UO, F YH,O 
UO," YH,O 
UO, 7 YH,O 
UO, (NOs )e °6 H,O 
UO, (NO ),*6H,O 
UO, (NOs )e id 6H,O 


CHAP. 4.3 


Reference 


61 
61 
61 
61 
61 
61 
61 
61 
61 
61 
61 


* Values in parentheses are doubtful. Density units are undefined, but probably are D,° 


{ The value is uncertain in that the report is not clear here 
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Temp., °C 


602 


UHN, % 


16.5 
21.8 
27.2 
35.0 
37.7 
40.0 
43.0 
48.3 


100 
100 
120 
125 


H.SO,, % 


3.0 
4.0 
5.1 
7.1 
T.1 
8.1 
8.1 
9.0 


HNO,, % 


0.8 
1.1 
1.3 
1.9 
1.9 
2.1 
2.1 
2.4 


AQUEOUS FUEL SYSTEMS 


Table 4.3.41 — Density of Uranyl Nitrate Solutions Containing Sulfuric Acid and Nitric Acid 


Density 
| 
20°C 30°C 50°C 
1.144 1.138 1.130 
1.204 1.197 1.188 
1.268 1.260 1.250 
1.374 1.364 1.354 
1.423 1.418 1.406 
1.447 1.436 1.424 
1.523 1.511 1.498 
1.630 1.617 1.602 


Table 4.3.42 —Viscosity of Uranyl Nitrate Solutions* 


No. 1 spindle 


ee | 


100 rpm 50 rpm 
20 18 
42 30 
45 33 
60 50 


No. 2 spindle 


(TEED, 


100 rpm 


25 
42 
53 
67 


50 rpm 


24 
34 
41 
50 


Solution composition 


UO;,% HNOs;,%  H,0, % 
50.4 26.6 23.0 
58.7 26.3 14.9 
62.4 26.4 11.2 
(60.8)t 25.3 14.0 


* These viscosities were determined with a Brookfield Synchro-Lectric Viscometer, Multi- 
Speed Model RVF 


{ Value in parenthesis is doubtful 


Table 4.3.43 —-Heat Capacity of Uranyl Nitrate Solutions at 25°C 


Anhydrous UO,(NOs)., % 


(eutectic) 


Specific heat relative to H,O 
at 15°C; Cp at 25°C, cal/(gm)(°C) 


0.997 
97 
94 
91 
87 
84 
79 
15 
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Table 4.3.44 —Heat Capacities of Uranyl Nitrate Solutions in Terms of 
Uranyl Nitrate Hexahydrate 


UO, (NOs).°6H,O, % Cp, cal/(gm)(*C) 
0 0.997 
5 975 

10 95 
15 925 
20 90 
25 875 
30 84 
35 81 
40 78 
45 74 
50 70 
55 66 
60 62 
65 57 
70 525 


Table 4.3.45 — Heat Capacities of Solid Uranyl Nitrate Hexahydrate 


Temp., °K Cp, cal/(deg) (mole) 
273 .08* 103.2 
274.73* 102.6 
275.53 102.8 
282.13* 105.3 
283 .09* 106.1 
283 .36 105.7 
285 .31* 107.1 
287 .63 106.6 
290.65 * 109.1 
296.17 110.9 
298 .68* 112.2 


* Considered the better values. 0°C is taken as 273.10°K 
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Heat capacities of uranyl nitrate solutions are given on page 114 in Gmelin’s Handbuch,” 
This work quotes Dittrich.© It is stated that the average heat capacity in cal/(gm)(°C) 1n 
the temperature range 20° to 55°C for a 0.5N UO,(NOs), solution is 0.892, and that of a 
0.25N solution is 0.957. Gmelin also quotes W. Oechsner de Coninck® to the effect that the 
specific heat of a BU pencent aqueous solution of UO,(NO,), - 6H,O is 0.946. No temperature 
range is given. 

More recent experimental heat capacities as reported by M. Lister®’ are given in Table 
4.3.46. The report by Lister also gives heat capacities for NH,NO;, UO,(NO;). + NH,NOs, 
and UO,(NOs),. + NH,NO; + HNO, solutions. 


Table 4.3.46—Heat Capacities of Urany] Nitrate Solutions 


Conc. of UO, (NOs), Cp of solution, Conc. of UO,(NOs)., Cpof solution, 
wt-% cal/(gm) (°C) wt-% cal /(gm)(°C) 
11.8 0.894 47.4 583 
25.9 759 52.4 | | 530 
26.2 757 52.7 542 
39.3 646 55.5 493 
39.3 641 55.6 521 
46.75 073 56.0 513 
47.2 574 


Heat capacity data for uranyl nitrate solutions in butex and HNO, are given by Jenkins 
et al.“* For pure UO,(NO,), solution at a concentration of 300 gm U/liter, the heat capacity 
at 25°C is given as 0.93 cal/(gm)(°C). 

In a paper by Katzin, Simon, and Ferrara® it is stated that a heat-capacity plot of 
UO,(NO;)2 solution shows that composition vs heat capacity is linear from 0.770 cal/(gm) (°C) 
at 25 wt-% UO,(NO;). to the heat capacity value for pure water. This conclusion is obtained 
from a combination of their own data with that of Lister’s data just given. 


Heats of Solution and Dilution of Uranyl Nitrate Solutions 


J. Aloy® states that addition of the heat of solution for UO,(NO,), - 3H,O is —3.7 kcal/mole 
of salt. The experimental conditions are solution of one mole of the salt in 1000 to 2500 
moles of water between 18° and 20°C. 

Gmelin (page 113, reference 40) quotes heats of dilution from a paper r by C. Dittrich.® 

Heat of dilution of a 0.5N UO,(NO,),. solution is 4 cal when the solution is diluted from 200 

to 400 cm® at 19°C. For a 0.25N solution at 15°C and for the same dilution, the heat of 
dilution is 11 cal. 

W. Oechsner de Coninck® gives the heat of solution of UO,)NO,),°3H,O at —3.8 kcal. 

Marketos” gives some heats of solution for UO,(NO;). and a number of its hydrates as 
follows (the dilution factors are not given): 


Salt Heat of solution, kcal Salt Heat of solution, kcal 
UO, (NO) 2 +16 18) O, (NO;) 2° 3H,O +2.00 
UO.(NO35)_°2H,O +9.42 UO,(NOs)2°6H,O — 4.76 


de Forcrand (p. 1207, reference 38; p. 24, reference 41) is quoted by Gmelin (p. 113, 
reference 39). It is stated that the heats of solution of one mole of anhydrous uranyl nitrate 
and its hydrates in 1000 to 1100 moles H,O at 11° to 13°C are as follows: 
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Salt -Heat of solution, kcal 
UO,(NOs). +19.00 
UO.,(NOs3)>2 ° H,O (?) 11.87 
UO,(NO3). 7 2H,O 5.05 
UO.(NOs)> i 3H,O 1.35 
UO,(NOs)> ‘ 6H,O —9.49 


It might be noted at this point that Colani® and Germann and Frey” deny the existence 
of a monohydrate, and a heat of solution for such a species is reported only by de Forcrand 
(except in other reference works in which de Forcrand is the original source). It should 
also be noted that heat lost to the surroundings has been given the plus sign, a convention 
which is not used at the present time. 

The widely used reference work on thermochemistry by Bichousky and Rossini” gives 
the following: 


Heat of solution 
(12°; 220 moles H,O), 


Compound kcal 
UO,(NOs). +19.0 
UO,(NOs)o . H,O 11.87 
UO,(NOs)2 : 2H,O 9.05 
UO,(NO3)2 . 3H,O 1.85 
UO,(NOs). : 6H,O —5.45 


It will be noted that almost all the heat-of-solution values given are taken from the work 
of de Forcrand. An exception is the value given for the trihydrate. This could be a typo- 
graphical error (8 instead of 3), or else Bichousky and Rossini made some unknown weigh- 
ing between other sources and that of de Forcrand. 

de Forcrand (p. 24, reference 41) distinctly writes that 1000 to 1100 moles of water were 
used. This makes the value of 220 moles quoted by Bichousky and Rossini a definite error. 

Coulter, Pitzer, and Latimer™ give the value of the heat of solution of uranyl nitrate 
hexahydrate as: 


AHgoln = 5.25 kcal/mole 


The dilution factor was the addition of 1 mole of the UNH to 929 and 911 moles of water, 
or an average of 920 moles of H,O. Here, heat lost to the surroundings is given the minus 
sign. | | 

Values for the heats of solution of uranyl nitrate and its hydrates as given on p. 52 of the 
Project Handbook* are as follows: 


Heat of solution 


Compound kcal/mole _Btu/b 
UO,(NOs)o 19.00 86.8 
UO,(NOs3). - H,O 11.87 91.9 
UO,(NOs,),. ° 2H,O 5.05 21.1 
UO,(NOs)2 s 3H,O 1.35 9.43 
UO,(NOs). es 6H,O —95.25 —18.8 


It is stated that the final concentration is 1 mole of the compound in 220 moles of water. 
This is a repetition of the statement by Bichousky and Rossini which has shown to be in 
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error. The numerical values are taken from the work of de Forcrand except for UNH. 
Here the value of AH found by Coutler et al is used. 

Report CL-697 gives Gmelin (pp. 113-116, reference 39), Bichousky and Rossini,’ and 
Borst (private communication) as the references for the values reported. 

Figure 3 II C. 4 of Report CL-697 is a plot of heat of solution of uranyl nitrate hexahy- 
drate vs weight-percent of UNH in the solution. The origin of this plot is not discussed, 
and exactly which data were used to formulate the curve are not known. 

Heats of solution and dilution of UO,(NO,). - 6H,O are given by Lister.®’ The results of 


two runs are as follows: 


Run No. 1, 22.5°C 


Run No. 2, 24.35°C 


Q, cal Conc. of UNH, % Q, cal Conc. of UNH, % 

5315 12.5 5260 17.65 

5180 26.3 5340 30.0 

5260 36.4 5455 39.1 

5560 44.0 5630 46.1 

5650 50.0 5835 51.7 

5845 54.8 6130 57.6 

6020 58.8 6420 62.2 

6225 62.2 6690 65.9 

6490 65.9 


Q is the number of calories which must be added to a solution to bring it back to its 
original temperature when 1 mole of solid UO,(NO;),.- 6H,O is dissolved in water to give a 
solution of the given concentration. 

The most recent and perhaps the most accurate heat-of-solution data are found ina 
paper by Katzin, Simon, and Ferrara.® Although the data can be found in various ANL re- 
ports of a previous date, all pertinent data are included in their paper, from which the 
following information is taken: 


Heat of solution, 


Compound kcal/mole of solid 
UO,(NOs)> * 2H,O —5.37 + 0.06 
UO,(NOs). : 3H,O —1.66+ .05 
UO,(NOs3), ° 6H,O 5.48 + .03 


The dilution ratio is 1 mole of solid to 180 moles of water. Heat lost to the surroundings 
is given the minus sign. For the dihydrate the data agrees with Marketos’’ but not with 
deForcrand. 

The value for the trihydrate is almost equal to the average between the values of 
Marketos and de Forcrand. The value for the hexahydrate agrees with de Forcrand but not 
with the data of Coulter et al.“ The terminal concentration of the uranyl nitrate in the ex- 
periments of Coulter et al and de Forcrand were about five times as dilute as the solutions 
used by Katzin et al. : 

The paper by Katzin et al includes heats of solution of uranyl nitrate in various organic 
liquids. 


URANYL CARBONATE SYSTEMS (E. V. JONES) 


CHEMICAL PROPERTIES 


Uranyl carbonate, UO,CQO;, may be prepared by the action of UO, slurry and CO, in an 
autoclave at high temperature.” It forms a cream-colored crystal of density about 5.7. 
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Solubility at 30°C is 0.0028 gm/100 gm H.O and at 60°C is 0.0083 gm/100 gm H,O. It forms 
unidentified complexes with Na,COs. 

The results of detailed studies on the UO,CO,-Na,CO,-H,O system are presented in 
Tables 4.3.47 and 4.3.48. The data in Table 4.3.47 are for solutions in contact with solid 
UO,CO;(U/CO, = 1.01 to 1.03); data in Table 4.3.48 are for solutions in contact with solid 
Na,UO,(COs;)3. In experiment 1030, both solids were present. 

A plot of data for the 3-component system shows that the region of solubility for this 
system is small. It has a sharp eutectic between the solution in contact with solid tricar- 
bonate and that in contact with solid uranyl carbonate. 

The data for the UO,-Na,CO,-H,O system are summarized in Table 4.3.49; data for the 
Na,UO,(COs;),-NaHCO,-H,O system" are summarized in Table 4.3.50. 

Sodium uranyl carbonate, 2Na,CO,-UO,COs, was obtained” by slow evaporation of UO,SO, 
solution containing an excess of Na,CO, while CO, bubbled through it. Its solubilities in 
various solvents at 30°, 60° and 90°C are summarized in Tables 4.3.51, 4.3.52, and 4.3.53. 

Evidence for the existence of the tricarbonate ion, UO,(CO,);‘, was obtained by spec- 
trophotometric methods,” and an approximate value of its dissociation constant was calcu- 
lated for the following mechanism: 


UO,(CO,);* == UO,(COs)~? + CO;? 


The approximate value of K, = 4.5 x 107". 

The following metal salts were found to give complex uranyl-metal-carbonates: Ag, Hg*, 
Hg*?, Cu, Pb, Cd, Zn, Fe*?, Ni, Co, Ba, and Sr. Mg, Ca, Al, and Mn did not give such com- 
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plexes. 

Two new complex sodium -uranyl-carbonates, Nag|[(UO,).(COs)5] and Nag[(UO,);(UO,)2- 
(CO,);], have been prepared and their principal reactions studied.*® The approximate de- 
composition temperatures for the complex sodium uranyl carbonates are as follows: 


Nag[(UO3)3(UO,)2(COs)5] 400°C 
Nag[(UO.)2(COs)5] 410° 
Na,[UO,(COs)s] 420° 


Compounds having the general formulas [UO,(CO;),;] M, and [(UO,).(COs3);] Ms, where M 
represents Mg, Ca, Sr, or Ba, have been prepared and, in most cases, isolated.*° They 
are readily hydrolyzed. No similar Be salts could be obtained. The solubility of K,UO,- 
(COs), in K,CO, solutions at 25°C is summarized by Blake and Lowrie in Table 4.3.54 
(p. 36, reference 81), and a comparison of the solubility of UO,CO, in K,COs and Na,CO, 
solutions at 25°C is given (p. 7, reference 82) in Table 4.3.55. 

A study was made of the effect of carbon dioxide pressure on the stability of saturated 
(0.24M) Na,UO,(CO,), solutions (at 25°C) when heated to 250°C in silica tubes by H. W. 
Wright and J. S. Gill (The Effect of Carbon Dioxide on the Sodium Uranyl Carbonate — 
Water System. ORNL-1121, Aug. 1951). The presence of carbon dioxide retarded and de- 
creased the amount of yellow precipitate but did not prevent its formation at 200°C. 


Radiation Stability (J. W. Boyle) 


A few radiation experiments were made on uranium solutions in alkali media in 1945. 
It was found® that, as the uranium concentration was changed (by adding UOs) from 
0.01—0.02M and the concentration of Na,CO, was varied from 0.1—0.2M, the amount of 
hydrogen gas liberated per fission differed by only 5 percent in three experiments. In 
an experiment® in which the uranium concentration was “varied over a wide range” in 
0.3M NaHCO,, a deviation of about 10 percent from the value at 3 gm U/l was observed. 
At 70°C, there was an indication that hydrogen production was 15 percent lower than at 
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CHAP. 4.3 


PROPERTIES OF AQUEOUS SOLUTION SYSTEMS 
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CHAP. 4.3 AQUEOUS FUEL SYSTEMS 


Table 4.3.51 — Solubility of Sodium Uranyl Carbonate at 30°C 


Solubility expressed 
as grams of ‘Solubility expressed 
2Na,CO;,°U0,CO, as grams of U,0, 
contained in 100 ml __contained in 100 ml 


Density of pH of satu- 


Solvent | of solvent of solvent saturated solution rated solution 
Water 14.38 7.45 1.118 8.78 
0.51M Na,CO, 7.36 3.81 1.106 10.99 
1.03M Na,CO, 3.72 1.93 1.128 11.28 
2.11M Na,CO, 1.23 0.64 1.202 11.40 
3.24M Na,CO, 0.33 1T 1.278 11.60 
0.41M NaHCO, 8.83 4.57 1.098 8.72 
0.05M NaHCO, 4.13 2.14 1.100 8.32 
0.50M Na,SO, 6.45 3.34. 1.110 8.78 
0.51M Na,CO, 3.98 2.06 1.138 11.00 
0.50M Na,SO, 
0.42M NaHCO, 4.53 2.35 1.120 8.17 
0.51M K,SO, 4.09 2.12 1.094 8.78 
0.51M K,SO, 
0.41M NaHCO, 2.82 1.46 1.111 8.18 
0.48M (NH,),CO, 20.01 10.36 1.201 ' 8.47 
0.48M (NH,).CO; 
0.35M NaHCO, 17.20 8.91 1.197 8.05 
Water saturated 15.20 7.87 1.123 6.85 

with CO, 
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with CO, 


*0.02M Na,CO, and 0.02M NaHCO, present because of decomposition 


PROPERTIES OF AQUEOUS SOLUTION SYSTEMS CHAP. 4.3 
Table 4.3.52 — Solubility of Sodium Uranyl Carbonate at 60°C 
Solubility expressed 
as grams of Solubility expressed 
2Na,CO,°U0.CO; as grams of U,O, 
contained in 100 ml _ contained in 100 ml Density of pH of satu- 
Solvent of solvent of solvent saturated solution rated solution 
Water* 12.31 6.38 1.094 8.72 
0.52M Na,CO, 4.81 2.49 1.079 11.22 
1.05M Na,CO, 2.15 1.11 1.106 11.31 
2.12M Na,CO, 0.66 (0.34 1.187 11.58 
3.31M Na,CO, 19 .10 1.278 11.68 
0.43M NaHCO, 
0.05M Na,CO, 6.56 3.40 1.070 8.32 
0.68M NaHCO, 3.46 1.79 1.062 8.38 
1.47M NaHCO, 1.86 0.96 1.076 8.32 
1.64M NaHCO, 
0.18M Na,CO, 1.38 0.71 1.099 8.50 
0.51M Na,SO, 5.02 2.60 1.092 8.50 
0.51M Na,CO, 2.34 1.21 1.113 11.12 
0.50M Na,SO, 
0.48M NaHCO, 2.80 1.45 1.098 8.32 
0.50M K,SO, 4.58 2.37 1.091 8.86 
0.50M K,SO, 
0.52M NaCO, 2.90 1.50 1.124 11.27 
0.49M K,SO, 
0.48M NaHCO, 3.30 1.71 1.106 8.38 
Water saturated 12.85 6.65 oes as 
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CHAP. 4.3 


AQUEOUS FUEL SYSTEMS 


Table 4.3.53 —Solubility of Sodium Uranyl Carbonate at 90°C 


Solubility expressed 
as grams of 


2Na,CO,°U0,CO, 
contained in 100 ml 
Solvent of solvent 

Water* 10.17 
0.53M Na,CO, 3.56 
2.13M Na,CO, 0.47 
3.37M Na,CO, 17 
0.52M Na,SO, 3.44 
0.51M Na,SO, 1.51 
0.53M Na,CO, : 

Water saturated 11.56 


with CO, 


Solubility expressed 


as grams of U,O, 


contained in 100 ml 
of solvent 


5.26 
1.84 
1.09 
0.24 

.09 
1.78 


0.78 
5.99 


Density of 


1.074 
1.059 
1.095 
1.175 


1.259 


1.047 
1.096 
1.081 


*0.02M Na,CO, and 0.04M NaHCO, present because of decomposition 


Table 4. 3. 54 — Solubility of K,UO, (COs)3 in K,CO, Solutions at 25°C 


solvent 


Water 

Water 

0.07M K,CO, 
0.14M K,CO, 
0.28M K,CO, 
0.28M K,CO, 
0.43M K,CO, 
0.56M K,CO, 
0.71M K,CO, 


Table 4.3.55 — Solubility of UO,CO; in K,CO, and Na,CO, at 25°C 


Test No. Solvent U, gm/liter 
B-119 1% K,CO, 8.0 
1003 1% Na,CO, 20.7 
B-123 6% K,CO, 46.1 
1004 6% Na,CO, 124.0 
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U, gm/liter 


36.7 
35.6 
30.0 
23.3 
14.3 
13.6 


9.1 
6.4 
4.5 


Density 


1.070 
1.068 
1.063 
1.055 
1.056 
1.056 
1.062 
1.071 
1.083 


PH of satu- 
saturated solution rated solution 


8.78 
10.82 
10.99 
11.28 
11.32 

9.10 


10.72 
7.12 


pH 


9.0 
8.8 
10.4 
10.7 
11.0 
11.3 


11.4 
11.5 


Wt-% of 4-component system 


M,O 


0.5 
0.5 
3.3 
3.0 
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lower temperatures (presumably 20°C). More recent experiments with uranyl solutions 
other than carbonates cast some doubt on this temperature effect. It should be checked 
before being accepted. It was also found®’ that the gas liberated per U?* fission in 0.1 to 
0.2M Na,CO, solution was the same as that liberated per Pu’ fission in 0.5M H,SQ,. This 
is probably true only in dilute solutions. 

The concentration of H,Q, was determined in six samples together with the total amount 
of gas.°4-® These data are presented in Table 4.3.56. | 

Table 4.3.57 gives the yield of hydrogen gas at 100°C in eight ampoules® containing 4 gm 
u?55/) (about 83-percent enriched). The net yield of hydrogen gas per 100 ev absorbed in 
the solution is presented in the last column and is to be compared with the pressure col- 
umn to show the effect of pressure on the net yield of decomposition. 

Chemical analyses were not carried out on any of the solutions in Table 4.3.57, but in 
the longer irradiation, 2.2 percent of the H,O present in the samples was decomposed to 
its elements without any visible deterioration of the solution. No precipitates were noted. 
The gas analyses were all about the same and averaged 67.1 percent H,, 31.8 percent O,, 
and 1.1 percent CO,. No peroxide determinations were made. The value of G max is about 
2.0.°" The greatest error in calculating this value is in estimating the energy absorbed in 
the solution. About 96 percent of the energy comes from the fissioning uranium in the 
samples and 4 percent from reactor fast neutrons and y-rays. On an absolute energy basis, 
the G value of 2 is probably not better than +20 percent. Experiments with other uranyl] 
solutions indicate that it may be about 20 percent too high. (See discussion of radiation 
stability given for uranyl sulfate systems.) 

The data indicate that no peculiar radiation effects would be encountered with carbonate 
or bicarbonate systems. If the system can be thermally tolerated without radiation, ap- 
parently the only effect of radiation would be to decompose the solvent water. 


PHYSICAL PROPERTIES (H. O. DAY, JR.) 


No density, viscosity, or thermal conductivity data exist for the system UO,-CO,-H,O 
as far as can be determined. However, for the system potassium uranyl] tricarbonate in 
solutions of potassium carbonate at 25°C a small amount of data exists (see p. 36, refer- 
ence 81). These data are presented in Table 4.3.58. 

Density data for Na,CO,-UO,CO;-H,O system are given (p. 6, reference 88) in Table 
4.3.59. It is assumed that the temperature is 25°C. Density units are not specified. 


URANYL PHOSPHATE SYSTEMS (E. V. JONES) 


CHEMICAL PROPERTIES 


Uranyl phosphate, UO,(HPO,) -4H,O, forms yellow tetragonal crystals which are soluble 
in aqueous Na,CO, and insoluble in acetic acid. 

Uranyl acetate added to solutions of mono-, di-, or tri-orthophosphates of Na, K, NH,, 
or Ca gives a neutral double orthophosphate of the type UO.MPQ,; with H;PO,, UO,HPO, is 
formed. An excess of UO,(AcO),. gives (UO,)3(PO,).. All uranyl phosphates, single or 
double, are soluble in H;PQ, with the formation of complex ions. On dilution, a precipitate 
of UO,HPQ, forms. All precipitates are hydrated. *° 

The following dialkali-uranyl-sec.-phosphites have been prepared from saturated alkali 
phosphite solutions and solutions of UO,SO, or UO,(NO,),: K,{UO,(HPO,).], (NH,),[UO,- 
(HPO,),.], and Na,[UO,(HPO,).]. All are yellow; the color intensity and solubility in water 
decrease in the order listed. 

The di-alkali-uranyl pyrophosphates of Li and Na, Li,(UO,P,O,), and Na(UO,P,O,), have 
been prepared by adding saturated solutions of the corresponding alkali pyrophosphates to 
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CHAP. 4.3 AQUEOUS FUEL SYSTEMS 


Table 4.3.56 —Concentration of H,O, in Reactor-irradiated Aqueous Uranium Trioxide- 
Sodium Carbonate Samples 


(Uranium conc., 4.9 gm/1; U?* conc., 4 gm/1; volume of sample, 0.5 ml; temp., 20°C) 


Sodium carbonate Reactor power, Irradiation time, Total gas, 
molarity kw* min H,O., N cc (STP) 

0.5M Na,CO, 3650 10 0.0061 0.284 
0.5M Na,CO, 4000 60 .016 ais 
0.5M Na,CO, 4000 60 ete 2.05 
0.5M Na,CO, 2000 | 60 0.011 1.06 
0.5M Na,CO, 2000 60 01 1.1 
0.3M NaHCO, 3800 60 ee 4.1f 


*It is estimated that the thermal neutron flux is approximately 8.2 x 10!! at 4000 kw 
t This value is apparently too high 


Table 4.3.57 —yYield of Hydrogen Gas in Reactor-irradiated Uranium Carbonate Samples 
(U255 conc., 4 gm/1; temp., 100°C) 


Wt of soln., gm* MWHt H, pressure, atm cc H, (STP) Gf 
0.1934 : 12.8 >1 1.29 2.01 
.2107 12.8 >1 1.38 1.98 

.0448 12.8 57 | 0.270 1.82 

.0434 12.8 70 254 1.76 

.0418 53.9 187 93 1.59 

.0406 53.9 194 .89 1.57 

0448 68.2 302 1.24 1.57 

0446 68.2 323 1.26 1.60 
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* Density at 22°C = 1.017 
+It is estimated that the thermal flux is approximately 8.2 x 10!! at 4000 kw 
t Molecules of hydrogen gas produced per 100 ev 


Table 4.3.58—Properties of UO;—CO,—H,O System 


Density (25°C) Solvent | Solubility, gm/1 
1.070 Water 36.7 
1.068 Water 35.6 
1.063 0.07M K,CO, 30.0 
1.055 0.14M K,CO, 23.3 
1.056 0.28M K,CO, 14.3 
1.056 0.28M K,CO, 13.6 
1.062 0.43M K,CO, 9.1 
1.071 0.56M K,CO, 6.4 
1.083 0.71M K,CO, 4.5 


PROPERTIES OF AQUEOUS SOLUTION SYSTEMS CHAP. 4.3 


Table 4.3.59 — Density of Na,CO,-—UO,CO;—H,O System 


Solubility of 


2Na,CO,°U0.,COs, Density of 
Solution gm/100 ml solvent Molar solubility solution 
H,O 14.38 0.265 1.118 
0.5M Na,CO; 7.36 .136 1.106 
1.03M Na,CO, 3.72 .069 1.128 
2.11M Na,CO, 1.23 023 1.202 
3.24M Na,CO, 0.33 .006 1.278 


solutions of UO,SO, or UO,(NO;).. The K and NH, salts could not thus be obtained.” 

Data from a study”! of the thermal stability of the UO,;-H,PO,-H,O system are given in 
Tables 4.3.60, 4.3.61, and 4.3.62. Only one solid phase was identified, (UO,),(PO,). ° 4H,O, 
in one or the other of its two polymorphic forms, tetragonal and orthorhombic —the former 
being far more prevalent. 

Uranyl nitrate and Na,HPO, give UO,HPO;, which is readily soluble in dilute mineral 
acids. When heated in air, it gives a grayish residue which hydrolyzes readily and gives a 
phosphate test when dissolved in HNO;. When heated with concentrated KOH solution, 
UO.,HPO, gives uranyl phosphate. It is easily hydrolyzed to give H,PO, and hydrated uranyl 
hydroxide; the H,;PO, is then oxidized to Hs;PQ,, and uranyl phosphate is obtained.” 

The solubility of UO, in varying concentrations of H;PQ, at 250°C, is given in Table 
4.3.63 (J. S. Gill, W. L. Marshall, and H. W. Wright, The Uranium Trioxide — Phosphoric 
Acid—Water System. ORNL-1121, Aug. 15, 1951). The results of exploratory studies of 
the solubiltiy of UO, in 1, 2, and 3M H,PO, at temperatures ranging up to 340°C are given 
in Table 4.3.64. 


URANYL PHOSPHATE-H;PO,-H,O SYSTEMS (H. O. DAY, JR.) 


No density, viscosity, or thermal conductivity data were found for this system. 


PROPERTIES OF PLUTONIUM SALT SOLUTIONS (K. S. Warren) 


CHEMICAL PROPERTIES 


SOLUBILITIES OF PLUTONIUM SALTS 


The solubilities of plutonium salts are listed in Tables 4.3.65 to 4.3.67. 
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CHAP, 4.3 AQUEOUS FUEL SYSTEMS 


Table 4.3.60 — Thermal Stability of UO,-H,PO,-H,O Systems‘ 
(Data on 0.3M U in 2M total H,PO,; solutions of UO, in excess H,PO,) 


Analytical molarities Molarities 

Temp., °C U Total phosphate U Total phosphate P/U 
Initial, 25°C 0.308 1.98 0.343 2.21 6.44 
161 257 1.90 284 2.10 7.40 
199 224 1.91 247 2.11 8.54 
256 201 1.76 220 1.93 8.78 
267 203 1.88 220 2.07 9.28 
274 195 1.91 215 2.10 9.77 
298 198 1.95 218 2.15 9.86 
330 298 2.24 290 2.52 8.69 
355.5 229 2.12 205 2.36 9.26 
380 592 2.97 706 3.54 5.02 


Table 4.3.61 — Solubility Data“* Obtained upon Equilibrating Excess (UOs);(PO,), :4H,O with 
Initially 0.3—0.5M UO, Dissolved in 2.9—3.2M H,PO, 


Analytical molarities Molalities 
= nee eer oN EA EIT, SEITE TENT LE EE TET, 
Temp., °C U Total phosphate U Total phosphate P/U 
25 >0.45 3.18 >0.51 3.62 <7.1 
200 999 3.12 -670 3.74 §.58 
250 601 3.40 134 4.15 5.66 
291 561 3.29 678 3.98 §.87 
400 (Solid at room temperature) 75.6 13.7 <2.4 


Table 4.3.62 —Thermal Stability of UO,-H,PO,-H,O System“ 
(Data on 0.3M UO; dissolved in 1.7M H;PO, + 0.3M NaH,PO,) 


Analytical molarities Molalities 
| rr | 

Temp., °C U Total phosphate U Total phosphate P/U 
Initial, 25°C 0.16 < 0.30 1.90 <0.333 2.11 >6.34 
200 216 1.885 .238 2.08 8.73 

295 171 1.86 .188 2.04 10.9 

333 .136 1.99 .150 2.19 14.6 
335 217 2.14 242 2.39 9.99 


350 157 1.97 173 2.17 12.5 


618 


PROPERTIES OF AQUEOUS SOLUTION SYSTEMS 


CHAP. 4.3 


Table 4.3.63 — Solubility of Uranium Trioxide in Orthophosphoric Acid Solutions at 250°C 


Sample No. 


ono oO & & ND fH 


Molar ity of H,PO, 


2.77 
3.57 
4.86 
5.05 
5.95 
6.05 
6.69 
6.95 


Molarity of UO, 


0.23 
42 
.78 
84 


1.26(?) 


1.13 
1.30 
1.43 


Mole solubility ratio, PO,/U 


12 
8.5 
6.2 
6.0 
5.35 
5.15 
4.86 


Table 4.3.64 —Solubility of Uranium Trioxide in Orthophosphoric Acid Solutions* 


Investigator 


Morsef 

Ryon and Kuhnt 
Our data 

Our data 

Our data 

Our data 

Ryon and Kuhn 
Our data 

Our data 

Our data 

Our data 

Our data 

Our data 

Los Alamos § 
Los Alamos 
Our data 

Our data 


H;POQ,, M 


3.113 
3.113 


Uranium, M 


0.17 


17 
192 
0616 
0616 
0278 


046 
617 


Temperature of 
precipitation, °C 


65—85 (dissolved) 
96 (analytical method) 
102 
240 
250 
290 
96 (analytical method) 
163 
176 
183 
228 
266’ 
316 
250 (precipitated) 
340 (dissolved) 
242 (precipitated) 
273 (precipitated) 


*W. L. Marshall, J. S. Gill, and H. W. Wright, The Uranium Trioxide— Phosphoric Acid— 


Water System, ORNL-1057, Oct. 1951 


f Morse, Chemical Technology Division, Oak Ridge Nat. Lab., unpublished data 
tA. D. Ryon and D. W. Kuhn, Solubility of Uranyl Ammonium Sulfate, Y-381, Apr. 1, 1949 
§R. P. Hammond, Los Alamos Scientific Lab., private communication 
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CHAP, 4.3 AQUEOUS FUEL SYSTEMS 


Table 4.3.65 — Solubilities of Plutonium-III Compounds”® 


Solid phase Aqueous phase Temp., °C Solubility, mg Pu/liter 

1M HF 0.25M HCl 25 69 

Fluoride, PuF;-xH,O j|1M HF 0.50M HCl 25 49 
1M HF 1.0M HCl 25 37 

.6M H;PO, 0.15M HNO, 25 7 

.6M H,PO, 0.25M HNO, 25 8 

.6M HPO, 0.53M HNO, 25 20 

.6M H,PO, 1.0M HNO, 25 28 

.8M H;PO, 0.1M HCl 25 20 

.8M H,PO, 0.25M HCl 25 66 

.8M HPO, 0.50M HCl 25 210 

Phosphate, PuPO, .8M H,PO, 0.90M HCl 25 3890 
.8M H;PO, 0.08M H,SO, 25 32 

.8M H,PO, 0.23M H,SO, 25 37 

.8M H;PO, 0.49M H,SO, 25 199 

.8M H;PO, 0.98M H,SO, 25 545 

.8M H;PO, 0.1M H,SO, 75 23 

.8M H,PO, 0.3M H,SO, 15 120 

.8M H,PO, 0.4M H,SO, 15 900 
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Table 4.3.66—Solubilities of Plutonium-IV Compounds*? 


Solubility, 
Solid phase Aqueous phase Temp., °C mg Pu/liter 
Fluoride, rer HNO, plus 25 300 — 700 
PuF,-xH,O 0.5—2.0M HF 
Nitrate, 2M HNO, 25 500 x 10° 
Pu(NO;),°xH,O 
.1M H;PO, 0.1M HNO, 25 0.13 
.1M H;PO, 0.5M HNO, 25 1.7 
.1M H,PO, 1.0M HNO, 25 4.5 
.1M H,PQ, 2.0M HNO, 25 23.0 
.6M H,PO, 0.1M HNO, 25 3.7 
6M H,PO, 0.5M HNO, 25 7.9 
.6M H,PO, 1.0M HNO, 25 19.0 
.6M H,PO, 2.0M HNO, 25 77.0 
.1M H,PO, 0.1M H,SO, 25 4 
.1M H,PO, 0.5M H,SO, 25 63 
.OM H,PO, 1.0M H,SO, 25 550 
Phosphate, .8M H,PO, 0.1M H,SO, 25 18 
Pu; (PO,),°xH,O 8M H,PO, 0.5M H,SO, 25 81 
.8M H,PO, 1.0M H,SO, 25 120 
.8M H,PO, 2.0M H,SO, 25 563 
.8M H;PO, 0.1M H,SO, 15 24 
.8M HsPO, 0.25M H,SO, 15 36 
.8M HsPO, 0.50M H,SO, 15 80 
.8M H,PO, 1.0M H,SO, 15 290 
.6M HPO, 0.1M HCl 25 4 
.6M H,PO, 1.0M HCl 25 12 
8M H,PO, 0.1M HCl 25 12 
.8M HPO, 0.5M HCl 25 16 
.8M H,PO, 1.0M HCl 25 29 
8M H,PO, 2.0M HCl 25 72 
Table 4.3.67—Solubilities of Plutonium-VI Compounds® 
Solid phase Aqueous phase. Temp., °C Solubility, mg Pu/liter 
Chloride, Approx. 5M HCl 25 350 x 10° 
PuO,Cl,-xH,O 
Nitrate, Approx. 0.5M HCl 25 500 x 10° 
PuO, (NO )9°xH,O 
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CHAP. 4.3 AQUEOUS FUEL SYSTEMS 


AQUEOUS FISSION-PRODUCT SYSTEMS (W. L. Marshall) 


CHEMICAL PROPERTIES 


SOLUBILITIES OF FISSION PRODUCTS 


Systems of fission-product sulfates in water alone are included for comparison with 
studies in fuel media and for those in which the investigations were made above 100°C 
(see Tables 4.3.68 to 4.3.76). Additional studies of sulfate salts in water up to 100°C are 


compiled by Seidell. 4’ 


Molybdenum Oxide 


Moly:ce:um oxide is appreciably soluble in 1.26M UO,SO, at room bemiperalire: At 
250°C, 1 percent or more of MoO, is completely soluble in 1.26M UO,.SO,.8 


Zirconium Sulfate 


Zirconium sulfate appeared to be at least 6.53 to 11.15 wt-% soluble in 1.26M UO,SO, 
when heated to about 280°C, but at that temperature an irreversible change began which 
yielded a considerable mass of white precipitate. * 


Multiple Fission-product Solubilities 


A few exploratory experiments have been made on multiple fission-product solubilities 
in 0.125 and 1.25M UO,SO, solutions at 250°C. Of the elements studied (Ce, Zr, Cs, Mo, 
Ru, Ba, Sr, La, Nb, and Y), it was concluded that Ce, Zr, Ru, Ba, and Nb would be the first 
elements to precipitate because of fission-product buildup. !° 


Heats of Solution 


An attempt has been made to interpret solubility data for Y,(SO,),, La,(SO,);, Cs,SO,, 
CdSQ,, Ag,SQ,, and Ce(SO,), in water, 0.126M UO,SQ,, and 1.26M UO,SO,.'"* The data have 
been plotted using the van’t Hoff isochore. The results for AH solution are given in Table 
4.3.77, 


PHYSICAL PROPERTIES 


GROWTH OF FISSION PRODUCTS (W, L. MARSHALL) 


Calculated values are given in Table 4.3.78 for solid fission-product growths in a homo- 
geneous reactor operating continuously at 50 kw/liter. !'! 

Calculations of the growth and behavior of barium and xenon in a homogeneous reactor 
operating with 0.13 molar UO,SO, solution at 14.3 kw/liter are presented. It is also con- 
cluded that BaSO, will precipitate in from 30 min to 25 days, depending on the rate of 
xenon gas removal from solution.!?? 

The following paragraphs pertain to fission-product growth in uranium solid but can be 
applied to a uranium fuel solution if fission-gas removal is neglected: 

The estimated weights of fission products (in grams of element per 100 gm of Uo” 
destroyed) are listed'!3''!4 for various times of operation and cooling. Some of the re- 
sults are given in Table 4.3.79. 

Compiled data on fission-product growth and decay of both a general and a specific 
nature (but not applying directly to an aqueous homogeneous reactor) may be found in vari- 
ous sources. '!5-122 The bulk of this work applies to decay schemes. 
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Table 4.3.68 — The Solubility of Yttrium Sulfate in Water and in Uranyl Sulfate Solutions * 


Temp., °C Y_(SO,4)3, wt-% Reference 
In water 
108 4.76 96 
150 2.38 96 
155 1.59 96 
160 1.19 96 
161 | 0.95 96 
163 .64 96 
176 .48 96 
186 .23 96 
195 12 96 
190 .010 97 
200 .0009 97 
218 .00001 97 
230 .00175 97 
240 .00028 97 


In 0.126M UO,SO, 


153 4.47 96 
162 2.23 96 
189 0.81 96 
229 22 96 
210 .144 97 
235 .084 97 
270 .033 97 
315 .007 97 
340 001 97 


In 1.08M UO,SO, 


208 4.32 98 
215 3.41 98 
217 3.44 98 
230 2.78 98 
245 | 2.12 98 

t 1.43 98 

t 1.08 98 


In 1.26M UO,SO, 


212 4.31 98 
221 3.62 98 
224 3.43 98 
231 2.99 ; 98 
237 2.74 98 

t 2.34 98 

t 2.14 98 


* The data in this table are illustrated in Fig. 4.3.17 

t Two liquid layers at about 277°C. No crystals up to 320°C. Held at 320°C for 2 hr 

t Two liquid layers at about 270°C. No crystals after several hours above 280° to 310°C 
for 2.14 wt-% Y._(SO,), solution 
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Fig. 4.3.17 —-Solubility of Yttrium Sulfate in Aqueous Uranyl Sulfate. Reprinted 
from ORNL-1221. Submitted by Oak Ridge National Laboratory, Nov. 25, 1952. 
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Table 4.3.69—The Solubility of Lanthanum Sulfate in Water and in Uranyl Sulfate Solutions* 


Temp., °C La,(SO,)5, wt-% Reference 
In water 

0 2.91 99 
14 2.93 99 
26 2.04 100 
30 1.86 99 
50 1.47 99 
75 0.95 99 
100 .68 99 
108 61 96 
113 46 96 
115 oT 96 
117 ol 96 
106 098 101 
155 142 101 
180 041 101 
200 024 101 
216 012 101 
278 .0062 101 
350 .0061 101 


In 0.126M UO,SO, 


97 2.04 96 
105 1.74 96 
120 | 0.87 96 
145 .29 96 
169 15 96 
199 .083 96 
215 042 96 


In 1.26M U0,SO, 


78 4.39 | 98 
91 and 149 3.97 98 
(double point) 

148 3.80 98 

150 3.75 98 

150.5 3.70 98 

151 3.60 98 

152 3.46 98 

154 3.25 98 

160 2.69 98 

168 2.30 98 

178 1.85 98 

202 1.22 98 

222 0.88 98 

Two liquid 57 98 


layers at 291°C 


* The data in this table are illustrated in Figs. 4.3.18 and 4.3.19 
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Fig. 4.3.18—Solubility of Lanthanum Sulfate in Ordinary Water from 100° to 
350°C. Reprinted from ORNL-1121. Submitted by Oak Ridge National Laboratory, 
Nov. 25, 1952. 
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Fig. 4.3.19 — Solubility of Lanthanum Sulfate in Aqueous Uranyl] Sulfate. Re- 
printed from ORNL-1221. Submitted by Oak Ridge National Laboratory, Nov. 25, 
1952. 
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AQUEOUS FUEL SYSTEMS 


Table 4,3.70—The Solubility of Cesium Sulfate in Water and in Uranyl Sulfate Solutions* 


* The data in this table are illustrated in Fig. 4.3.20 


Temp., °C 


SSSSESESESEO 


ray 


Cs,SO,, wt-% 


In water 


62.6 
63.4 
64.1 
63.5 
64.8 
65.5 
66.1 
66.7 
67.2 
67.8 
68.3 
68.8 
69.2 
71.8 
73.5 
75.0 
75.5 


In 0.126M UO,SO, 


64.19 
66.00 
67.12 
67.55 
68.58 
70.07 
71.66 
73.48 


In 1.26M UO,SO, 


0.30 
Bes | 


78 
T 


t Two liquid layers at 293°C much undissolved 


Reference 
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Fig. 4.3.20 —Solubility of Cesium Sulfate in Uranyl Sulfate Solutions. Reprinted 
from ORNL-1280. Submitted by Oak Ridge National Laboratory, Nov. 25, 1952. 
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Table 4,.3.71—The Solubility of Ceric Sulfate in Water and in Uranyl Sulfate Solutions* 


Temp., °C Ce (SO,)2, wt-% Reference 
In water 

35 7.8 103 

40 5.71 103 

50 3.31 103 ; 

65 1.85 103 

82 0.98 103 
100.5 A2 103 
105 .300 101 
139 113 101 
169 .050 101 
199 019 101 
211 017 101 
220 013 101 
244 .0029 101 
269 0022 101 
284 00049 101 
325 .00094 101 
350 .00083 101 


In 0.126M UO,SO, 


137 0.290 101 
200 113 101 
220 0805 101 
242 0437 101 
267 0233 101 
338 .00182 101 


*Some of the data in this table are illustrated in Fig. 4.3.21. Ceric sulfate exhibits a 
solubility of less than 0.014 percent at room temperature in 1.26M UO,SO,—H,0O solution” 
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Fig. 4.3.21— The Solubility of Ceric Sulfate in Ordinary Water and in Uranyl 
Sulfate Solution. Submitted by Oak Ridge National Laboratory, Nov. 25, 1952. 
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Table 4.3.72— The Solubility of Strontium Sulfate in Water 


Temp., °C 


124 
127 
163 
168 
186 
199 
220 
250 
260 
273 
280 
319 
194 +2 
203 + 1 
208 + 1 
259 + 2 
284 + 5 
293 +4 
307 +4 
333 + 2 
339 + 2 
348 +1 
381 +2 
401 + 3 
426 +2 


SrSoO, ; 


gm/100 gm H,O 


0.00261 
00264 


00129, 


0.00125, 0.00135 


00137 


0.00066 
0008 
00063 
000248 


0.0001, 0.000096 


0.000124 
000123 
-00005 
0032 
0025 
0031 
0026 
0029 
.0017 
0022 
.0013 
.0018 
0016 
-0009 
.0003 
0005 


Reference 


104 
104 
104 
104 
104 
104 
104 
104 
104 
104 
104 
104 
105 
105 
105 
105 
105 
105 
105 
105 
105 
105 
105 
105 
105 
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Table 4.3.73 —The Solubility of Barium Sulfate in Water and in Uranyl Sulfate Solutions 


Temp., °C BaSO,, wt-% Reference 
In water 
150 60.4 x 1076 97 
180 26.5 x 1078 97 
220 11.25 x 107° 97 
250 5.25 x 1078 97 
250 6.2 x 1078 97 
262 4.6 x 1078 97 
290 2.3 x 107° 97 
291 1.4 x 107° 97 


In 0.12M UO,SO, 


185 .15 x 1078 101 
200 11 x 1078 101 
250 9 x 107° 101 
270 10 x 1078 101 
296 6 x 107° 101 


At 250°C as a function of UO,SO, concentration* 


UO,SO,, M Molar solubility of BaSO, Reference 
0.000 0.53 x 10-5 106 
.125 1.46 x 1075 106 
313 3.32 x 107° 106 
.625 8.95 x 107° 106 
775 10.34 x 1075 106 
1.00 17.40 x 1075 106 
1.15 22.42 x 107° 106 
1.25 37.35 x 107° 106 


*Barium sulfate solubility as a function of UO,SO, concentration is illustrated in 
Fig. 4.3.22 
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Fig. 4.3.22 —Solubility of Barium Sulfate in Aqueous Urany] Sulfate at 250°C. 
Reprinted from ORNL-1318. Submitted by Oak Ridge National Laboratory, 


Nov. 25, 1952. 
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Table 4.3.74——The Solubility of Silver Sulfate in Water and in Uranyl Sulfate Solutions* 


Temp., °C | AgeSO,, wt-% Reference 
In water 
145 0.894 107 
157 65 107 
199 45 107 
199 376 107 
250 .40 107 
250 039 107 
305 329 107 
305 295 107 
330 28 107 


In 0.126M UO,SO, 


36.0 1.04 106 
54.0 1.46 106 
83.3 2.18 106 
107.8 2.72 106 
127.4 3.01 106 
140.0 A red product formed 106 


In 1.26M UO,SO, 


42.5 1.54 106 

52.0 2.36 106 

84.6 3.63 106 
106.5 5.38 106 
131.4 7.43 106 
161.6 9.89 106 
174.3 11.01 106 
197.1 12.82 106 
214.9 14.14 106 
237.5 15.75 106 
259.1 17.25 106 


* The data in this table are illustrated in Fig. 4.3.23 
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Fig. 4.3.23—Solubility of Silver Sulfate in Water and Aqueous Uranyl] Sulfate. 
Reprinted from ORNL-1318. Submitted by Oak Ridge National Laboratory, Nov. 25, 
1952. 
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Table 4.3.75— The Solubility of Cadmium Sulfate in Water and in Uranyl Sulfate Solutions* 


Temp., °C CdSO,, wt-% Reference 
In water 

29 43.73 108 

50 43.53 108 

715 40.97 108 

99 36.85 108 
119 32.3 109 
124 29.6 96 
131 26.9 109 
159 15.6 109 
160 14.8 96 
161 14.8 109 
166 12.3 109 
172 9.8 109 
182 1.4 96 
187 4.9 109 
190 3.0 96 


In 0.126M UO,SO, 


175 28.5 96 
200 14.2 96 
219 7.1 96 
251 2.8 96 


In 1.26M UO,SO, 


21 31.62 102 
47.8(209)t 31.33 102 
84.2 30.50 | 102 

102.9 (215.8)t 30.12 102 

215.8 29.37 102 

216.8 29.69 102 

220.8 28.68 102 

228.7 26.54 102 

230.6 25.83 102 

244.3 22.51 102 


* The data in this table are illustrated in Fig. 4.3.24 
t Double solubility points 
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Fig. 4.3.24 —Solubility of Cadmium Sulfate in Aqueous Uranyl Sulfate Solution. 
Reprinted from ORNL-1280. Submitted by Oak Ridge National Laboratory, Nov. 25, 
1962. 
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Table 4.3.76— The Solubility of Zinc Sulfate in Water 


Temp., °C ZnSQ,, wt-% Reference 
178 34.0 96 
203 295.9 96 
219 22.7 96 
238 17.0 96 
248 11.3 96 
253 8.5 96 
255 5.1 96 
257 2.1 96 

90 50 110 
115 45 110 
145 40 110 
175 35 110 
205 25 110 
230 20 110 
255 15 110 
250 10 110 
255 5) 110 


Table 4,3.77—Some Differential Heats of Solution of Fission-product Sulfates in Water 
and Urany! Sulfate Solutions! 


AHgin, kcal/mole 


Salt In H,O In 0.126M UOSO, In 1.26M UO,SO, 
Y»(SO,)3 —27 —16 —9 
La, (SO4)3 —23 —12 —8 
CdSO, —17 —14 —5.4 
Ce (SQ,)s —10 —6.9 er 
Ag,SO, +11 +2.3 +3.7 
Cs SO, +0.20 + 0.20 +1.9 
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Table 4.3.78 —- Growth of Solid Fission Products 


Fission-product buildup in Fission-product buildup in 
operation for one month, gm/ operation for one year, gm/l 
With no gas With 100% With no gas With 100% 
Element removal gas removal removal gas removal 
Ce 0.2 0.06 2 0.7 
Nd 2 .07 2 8 
Zr 2 .08 2 6 
Cs el 0 2 0 
Mo me ol 1 1. 
Ru 1 1 1 1 
Ba .09 .0001 0.8 0.001 
Sr .08 007 8 ok 
La .07 0 at 0 
Pr .04 .0 6 0 
Nb 04 .004 5 1 
Y 04 0 3 0 
Tc .03 .03 5 5 
Rb .03 .007 3 01 
Pm .02 02 22 2 
Rh .006 .006 3 3 
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Table 4.3.79—Estimated Weights of Fission Products for Various Times of Operation 
and Cooling 


(In grams of element per 100 grams of ,,U*® destroyed) 


40* 100* 

Element Ot 3t 30t 100t Ot 3t 30t 100t 
Se 0.1 0.1 0.1 01 | 0.1 0.1 0.1 0.1 
Br .06 .06 .06 .06 .06 06 06 .06 
Kr 1.5 1.5 1.5 1.5 1.5 1.5 1.5 1.5 
Rb 1.8 1.8 1.8 1.8 1.8 1.8 1.8 1.8 
Sr 5.3 5.3 4.8 4.2 4.9 4.9 4.6 4.1 
Y 4.5 4.4 3.8 2.8 3.9 3.8 3.4 2.5 
Zr 11.0 10.9 10.5 10.6 10.7 10.6 10.5 10.8 
Cb 3.8 3.9 4.3 5.1 4.2 4.3 4.6 5.3 
Mo 7.2 7.2 8.1 8.7 7.9 7.9 8.5 8.8 
43 2.6 2.8 2.9 2.9 2.8 2.9 2.9 2.9 
Ru 6.4 6.3 6.0 5.6 6.0 6.0 5.8 5.5 
Rh 0.4 0.5 0.7 1.1 0.7 0.7 0.9 1.1 
Pd 5 5 5 0.6 5 5 5 0.6 
Ag .03 03 .06 09 06 06 08 10 
Sb 04 04 03 02 03 03 02 02 
Te 1.8 1.6 1.4 1.3 1.5 1.4 1.3 1.3 
I 0.9 0.8 0.6 0.7 0.7 0.7 0.6 0.7 
Xe 11.9 11.9 11.9 11.9 11.9 11.9 11.9 11.9 
Cs 11.0 11.2 11.6 11.4 11.4 11.4 11.6 11.6 
Ba 6.1 5.9 4.7 4.4 5.1 5.0 4.5 4.4 
La 3.6 3.6 3.4 3.4 4.5 4.5 4.4 4.4 
Ce 12.6 12.7 12.6 11.5 12.4 12.4 12.1 11.2 
Pr 5.5 5.4 5.2 5.2 5.3 5.3 5.2 5.1 
Nd 8.2 8.4 10.0 11.5 9.6 9.8 10.7 11.9 
61 sas ses a _— os oe aoe ot 
Sm 3.3 3.3 3.3 3.3 3.3 3.3 3.3 3.3 
Eu 0.4 0.4 0.5 0.5 0.4 0.4 0.5 0.5 
Gd 02 02 02 02 02 02 02 02 
Np 9.1 4.2 1.0 1.0 4.2 2.3 1.0 1.0 
Pu 91.7 96.6 100.0 100.0 96.7 98.6. 100.0 100.0 


* Time of operation in days 
t Time of cooling in days 
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THORIUM SOLUTIONS (W. L. Marshall) 


THE SYSTEM THORIUM NITRATE -WATER 


CHEMICAL PROPERTIES 


Chemical and Phase Stability 
These stabilities are shown in Tables 4.3.80 to 4.3.82, and Figs. 4.3.25 and 4.3.26. 


Corrosion 


No data available. 


Radiation Damage 
No data available. 


Acidity 


Schaal and Faucherre?”! give graphic data on variation of pH as a function of the dilution 
which may be applied in the study of soluble basic salts. 

Neish and Burns!” present one approximate graphic pH of 2 to 3 for a 0.001N Th(NO,),- 
H,O solution. 


PHYSICAL PROPERTIES 


Density 
The densities are shown in Tables 4.3.83 to 4.3.85 and Fig. 4.3.27. 


Vapor Pressure 


Vapor pressures are shown in Tables 4.3.86 to 4.3.89 and Fig. 4.3.28. 


Refractive Index 


The refractive indices are shown in Table 4.3.90. 


Heat and Free Energy (Work) of Dilution and Solution 


The heats of dilution and solution are given in Tables 4.3.91 and 4.3.92 and Fig. 4.3.29. 
The heats and free energies of dilution are given in Table 4.3.93. 
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Temp., °C 


—0.2 
—1.5 
—4.0 
—6.0 
—9.0 
—15.0 
—25.0 


29.8 + 0.2 
40.1+0.2 
50.0 + 0.2 
58.8 + 0.2 
60.5 + 0.2 
77.6 + 0.5 
82.4 + 0.5 
99.2 40.5 
109.4 + 0.5 
121.5 + 0.5 
142.0 + 0.5 
158.0 + 0.5 


37.3 


94.5 
72.0 
90.2 


99.7 
110.4 
110.9 
111(a) 
120.6 
128 
129.5 


130.5 
139.5 
146.0 
149.0 
151(b) 
159 
211 
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Table 4.3.80 — Solubility of Th(NOs), in H,O 


Solubility 
of Th(NQ3),, wt-% 


1.0 

9.0 
20.0 
33.0 
41.0 
47.7 
55.7 
60.6 
62.0 
64.0 
64.2 
65.0 
65.2 
65.6 


66.2 
67.5 
69.1 
70.2 
70.6 
73.5 
74.6 
17.3 
79.5 
81.6 
83.9 
85.5 


67.07 


69.78 
73.39 
76.39 


78.56 
81.11 
81.50 
82.01 
82.41 


82.85 
84.27 
85.30 
85.81 
87.41 
91.82 


Solid 


Th(NO,),, wt-% 
Part A}? 


Part B!*4 


Part c'% 


81.18 


(theor. 81.62) 


80.82 


(theor. 81.62) 


85 .84 


(theor. 86.95) 


Solid phase 


Ice 

Ice 

Ice 

Ice 

Ice 

Ice 

Ice 

Ice 

Ice 

Ice 
Th (NO;),4°6H,O 
Th(NO;),-6H,O 
Th (NO;),°6H,O 
Th (NO, )4°6H,O 


Bipyramidal crystals* 
Bipyramidal crystals* 
Bipyramidal crystals* 
Bipyramidal crystals* 
Bipyramidal crystals* 
Bipyramidal crystals* 
Bipyramidal crystals* 
Bipyramidal crystals* 
Bipyramidal crystals* 
Bipyramidal crystals* 

Th(NO3),°4H,O 

Th (NO3),°4H,O 


Th (NO5),°6H,O 


Th (NO;)4°6H,O 
Th(NO;),°6H,O 
Th (NO ),°6H,O 


Th (NO, )4°6H,O 

Th (NO, )4°6H,O 

Th(NO,),-6H,O 
Th(NO3),°6H,O + Th (NO35),°4H,O 

Th (NO, Ma -4H,O 

Th (NO;), -4H,O 

Th (NO ),-4H,O 


Th (N' O, Ma “4 H,O 

Th(NO,),:4H,O 

Th (NO; Ma "4 H,O 

Th(NO;),-4H,O 
Th(NO;),°4H,O + Th(NO;),-XH,O 

Th (NO, Ya -XH,O 

Th(NO,),-XH,O 


* Bipyramidal crystals Th(NO;),-6H,O (Fuhse and Misciatelli) or Th(NO;),-51/2H,O (Templeton) 
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Table. 4.3.81—Hydrolytic and Phase Stability'** Above 50°C 


(Decomposition-precipitation temperatures of thorium nitrate—water solutions) 


Upper temp. limit before 


Th(NO;),, wt-% hydrolytic pptn, °C 
87.41 229 
55.23 217 
32.94 ~176 
7.41 ~113 


Table 4.3.82-—— Boundary Curve Data!** for Th(NOs), —H,O 
(Calculated from density-temperature-solubility-precipitation data) 


Conc. of solution at 


Solubility of decomposition- 
Temp., °C Th(NO;),, gm Th/cc precipitation temperature 
50 0.704 ies 
60 135 ears 
70 2179 ‘i 
80 825 
90 872 
100 922 
110 979 
120 1.007 oe 
130 1.026 0.040 
140 1.059 .060 
150 1.099 .084 
160 1.144 115 
180 1.195 200 
200 1.240 ~330 
210 1.281 | -440 
220 1.302 .600 
225 1.32 -715 
230 1.34 1.14 
232 1.35 1.35 
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Fig. 4.3.25——The Thorium Nitrate-Water System. Reprinted from ORNL-925. 
Submitted by Oak Ridge National Laboratory, Nov. 25, 1952. 
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Table 4.3.83— Density of Th(NO,),—H,O Solution!” 


Th(NQs),, wt-% Th(NO ), concentration, gm/100 cc soln. Density (15°/15°) 
0.7228 0.73 1.0061 
1.7928 1.8 : 1.0140 
3.5204 3.6 1.0327 
5.205 5.4 1.0483 
6.835 7.3 1.0639 
8.419 9.1 1.0796 
9.949 11 1.0962 

12.87 14 1.1297 
15.66 18 1.1609 
18.29 22 1.1926 


Table 4.3.84 — Density of Th(NO,),—H,O Solution at Room Temperature ‘” 
(Density Data of J. L. Bamberg) 


16.54 
34.30 
41.39 
45.41 
51.02 
94.41 
57.63 
60.84 
61.94 
63.34 
66.06 
68.26 


Density at room temperature, gm/cc 


1.161 
1.400 
1.508 
1.586 
1.694 
1.765 
1.833 
1.894 
1.938 
1.971 
2.035 
2.110 


Table 4.3.85 — Density of Th(NO,),—H,O Solution at Saturation Temperature !76 


Th (NOs), 9 wt-% 


67 .07 
69.78 
73.39 
76.39 
78.56 
81.11 
81.50 
82.01 
82.85 
84.27 
87.27 
97.41 
91.82 


Density at saturation temperature, gm/cc 


2.09 
2.17 
2.23 
2.37 
2.41 
2.44 
2.45 
2.04 
2.53 
2.70 
2.70 
2.75 
2.82 
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Table 4.3.86— Vapor Pressure of Th(NO;),—H,O Solution *° 


Table 4,3.87— Vapor Pressure of Th(NO;),—H,O Solution *!** 


P, mm Hg 

TN 

Moles H,O/mole Th(NOs), o°c 15°C 
16.48 2.69, 7.724 

18.18 2.88, 8.21, 

20.31 3.08, 8.73, 

29.29 3.26. 9.16, 

24.46 3.40, 9.535 


P, mm Hg 
ee 


* These data are superseded by the later results in Table 4.3.86 


(At 760 mm Hg pressure) 


Th(NO,),, wt-% Temp., °C 
22.3 101 
58.0 110 
72.3 130 
85.3 147 


Moles H,O/mole Th(NOQ;), 0°C 15°C 
14.87 2.45, 7.13, 
16.71 2.64, 7.63, 
18.74 2.86, 8.21, 
21.87 3.14, 8.91, 
25.24 3.375 9.54, 
28.16 3.56, 10.02, 


Table 4.3.88 — Boiling Points of Aqueous Thorium Nitrate Solutions’ 


649 


CHAP. 4.3 AQUEOUS FUEL SYSTEMS 


Table 4.3.89— Osmotic Pressure, Vapor Pressure, and Activity Coefficient of 
Th(NO ),—H,O Solution’®?»!35 


(Osmotic coefficients at 25°C, Th(NOs;),—H,O solution)* 


m Osmotic coefficient Activity coefficient 
0.1 0.675 (0.279) 
02 .685 0.225 
3 -705 .203 
4 -734 192 
a) -770 .189 
6 807 .188 
7 .846 191 
8 .885 195 
9 925 201 
1.0 -965 ~207 
1.2 1.044 224 
1.4 1.120 246 
1.6 1.192 269 
1.8 1.259 .296 
2.0 1.325 326 
2.5 1.455 405 
3.0 1.546 486 
3.5 1.616 568 
4.0 1.659 647 
4.5 1.688 722 
5.0 1.706 791 


* By use of the equation, osmotic coefficient = —55.51/p molality In P/P*, vapor 
pressures may be calculated 
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TEMPERATURE, °C 


Fig. 4.3.28 — The Boiling Points of Aqueous Thorium Nitrate Solutions at 760 
mm Hg Pressure. Reprinted from ORNL-925. Submitted by Oak Ridge National 
Laboratory, Nov. 25, 1952. 


Table 4.3.90 — Refractive Index of Th(NOs),—H,O Solution’”* 


Th(NO;),, wt-% Th(NO;), concentration, gm/100 cc soln. Refractive index (15°C) 
0.7228 0.73 1.33478 
1.7928 1.8 1.33582 
3.5204 3.6 1.33804 
5.205 5.4 1.34025 
6.835 7.3 1.34283 
8.419 9.1 1.34489 
9.949 11 1.34724 

12.87 14 1.35235 
15.66 18 1.35732 
18.29 22 1.36188 


651 


CHAP, 4.3 


AQUEOUS FUEL SYSTEMS 


Table 4,3.91— Molar Integral Heat of Solution of Th(NO;),—H,O System!*° 


Initial 


15.65 
15.92 
17.65 
22.37 
24.68 
28.18 


(From calorimetric data) 


Moles H,O/mole Th(NO,), 
ooo 


Final 


510 
497 
543 
5945 
553 
562 


AH,,,,/mole Th(NO,),, cal 


3477 
2912 
2113 
1242 
888 
513 


Table 4.3.92 — Molar Differential Heat of Solution !** 


(From calorimetric data)* 


Moles H,O/mole Th(NO;), 


16.00 
16.50 
17.00 
20.00 
22.00 
26.00 


AH,,,, /mole Th(NO,),, cal 


* The data in this table are shown in Fig. 4.3.29 


1100 
550 
375 
175 
155 
132 
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© integral [Per Mole Th(NO,),] 
@ Differential [Per Mole Th(NO,),) 
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Fig. 4.3.29 —- Integral and Differential Heats of Dilution for Thorium Nitrate. 
Data taken from reference 136. Submitted by Oak Ridge National Laboratory, 
Nov. 25, 1952. 
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Table 4.3.93— Calculated Molar Differential Heat and Work (Free Energy) of Dilution of 
Th(NO3),—H,O Solutions 


(From vapor-pressure data) 


Work of dilution Heat of dilution, 
cal/mole cal/mole 
——— 

Moles H,O/mole Th(NO3), A 9c Aisec Ups ise Reference 
16.48 287 288 298 130 
18.18 251 293 206 130 
20.31 214 218 146 130 
22.29 183 190 04 130 
24.46 160 168 15 130 

The following data are superseded by the previous results: 
14.87 328 334 414 131 
16.71 298 295 357 | 131 
18.74 255 253 285 131 
21.87 204 207 167 131 
29.24 165 167 132 131 
28.16 135 139 65 131 
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CHAPTER 4.4 


Properties of Aqueous Slurry Systems 


URANIUM SLURRIES (UO ;-H,O, Us03-H,O, UO,-H,O-U,0,;-H,0) 


INTRODUCTION (A. S. Kitzes) 


The selection of a fuel for a slurry reactor depends upon such factors as thermal and 
radiation stability, corrosion and erosion characteristics, neutron economy, pumping 
characteristics, and stability to the products of reactor operation. 

Uranium oxide slurry reactors are being considered because they offer better neutron 
economy’ than solutions of most uranium salts and because the fuel is more stable chemi- 
cally and less corrosive than most uranium salts. However, processing of the fuel and 
control of the reactor are two factors which may, in the long run, outweigh the advantages 
gained by the use of slurries. 

The great amount of experimental work performed with uranium oxide slurries, espe- 
cially in the early days of the Manhattan Project, prohibits a comprehensive review of the 
subject. However, reference is made to the early investigations to help those about to 
start an experimental study on slurries. An excellent review of early project work is given 
by Kirshenbaum.’ 


OXIDE STABILITY 


As aqueous slurries, the oxides of uranium (UOs, U,;O3,, U,0O;, and UO,) appear to possess 
to an appreciable extent most of the characteristics required of a reactor fuel. Many ex- 
periments have been performed to determine which of these oxides would be the most 
stable under simulated reactor conditions.** Heating UO, and U,O, slurries in a stainless- 
steel bomb under approximately equal pressures of hydrogen and oxygen at 250°C resulted 
in almost complete oxidation to the hexavalent state.” In the case of uranium trioxide, 
however, only slight reduction occurred when the slurry was heated in the presence of a 
large excess of hydrogen. Data are reported in Tables 4.4.1, 4.4.2, and 4.4.3. 

No data are available which indicate the stability of U,O,; slurries to oxidation and re- 
duction at elevated temperatures. As a first approximation, it would be safe to assume 
that these slurries behave as U,O, suspensions. Since it was concluded that uranium tri- 
oxide was the most stable at elevated temperatures in aqueous reactor systems, most 
work to date has been carried out with uranium trioxide. 


STABILITY OF OXIDE UNDER DYNAMIC CONDITIONS (A. S. KITZES) 


Uranium trioxide, so far the only oxide that has been circulated at elevated tempera- 
tures, is chemically stable as the monohydrate when circulated in water at 250°C.* How- 


1 References appear at end of chapter. 
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Table 4.4.1 — Oxidation of UO, Slurries when Heated under Varying 
Partial Pressures of Hydrogen and Oxygen 


Heating conditions Gas pressure 
—SSS55Q50&QqQ0&&& SS SS 
Temp., °C Time, hr H., psi O,, psi Uranium oxidized, % 

200 48 63.5 31.8 64.9 

250 16 202 74.5 
16 378 82.2 
24 70 61.5 78.4 
24 70 175 91.4 


Table 4.4.2 — Oxidation of U,O, Slurries when Heated for 24 Hr 
under Varying Partial Pressures of Hydrogen and Oxygen 


Gas pressure 


Temp., °C H,, psi O,, psi Uranium oxidized, % 

150 51.8 25.9 63.2 
170 59.5 29.8 i py | 
200 63.5 31.8 90.1 
225 67 33.5 92.6 
250 oe 35 88.0 
175 35 85.1 

70 17.5 75.2 

70 175 96.8 


Table 4.4.3 — Reduction of UO, Slurries at 250°C under Varying 
Partial Pressures of Hydrogen and Oxygen 


Gas pressure 


EE, 


Heating time, hr H,, psi Os, psi Uranium reduced, % 
20 263 26.3 0.5 
378 cee 1.39 
24 70 35 0 
68 927 26.3 0.4 
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ever, the rod-type UO, -H,O when circulated at 20 ft/sec at 250°C does undergo allotropic 
modification and abrasion of the rods. The rods, which are originally 2 to 3 p in diameter 
and 15 to 20 » long, become either spherical or ellipsoidal with essentially no change in 
diameter. The fragments which are abraded from the rods also become spherical. 

When uranium trioxide rods are pulverized and digested at 250°C, they are converted to 
platelets (delta form). A partial conversion, probably resulting from increased solubility 
of the extremely fine oxide particles, was observed when the rods were circulated at 250°C 
for at least 100 hr. No conversion occurs at 150°C although the rods are abraded into oval 
shapes at this temperature. 


CRYSTALLOGRAPHY (J. O. BLOMEKE AND A. S. KITZES) 


Uranium trioxide is stable in water at 250°C as the monohydrate, which was found to 
exist in three allotropic modifications depending on its mode of preparation and treatment.’ 
Uranium peroxide on heating at 300°C in air yields anhydrous uranium trioxide, which when 
heated in water at 185° to 300°C is converted to uranium trioxide monhydrate in the form 
of rods.**! Decomposition of uranyl nitrate at 300° to 400°C yields uranium trioxide, which 
on hydration at 185° to 300°C produces crystals having the form of platelets. Pulverized 
uranium trioxide rods digested at 200° to 250°C are converted to the platelet form, where- 
as pulverized uranium trioxide platelets digested at 150° to 200°C are transformed into 
rods. In the presence of several hundred ppm of uranyl ion, both the rods and the platelets 
are converted to a third modification, crystals resembling truncated bipyramids. 

The rods are normally 1 to 5 p in diameter and 10 to 30 » long. The platelets are 6 to 
50 p along each edge and about 1 yp thick, while the bipyramids are several microns along 
each edge. X-ray diffraction studies show the rods, platelets, and bipyramids to have an 
orthorhombic structure. Since the platelets are formed by digestion of pulverized or 
fragmented rods, it has been concluded that the UO, monohydrate most likely to be stable 
in an aqueous reactor fuel at 250°C will be that in the form of the small platelet crystals. 

U,O, which has been surface treated with 0.5M NaH,PO,,° does not react with water or 
undergo allomorphic.changes when digested at 250°C in pyrex glass capsules. U,O; 
slurries are discussed later under “Stable Slurries.” 


UO, SLURRY CHARACTERISTICS (J. O. BLOMEKE) 


Very encouraging slurries have been prepared of both the rods and the platelets. On the 
other hand, the bipyramids, because of their size, require rather violent agitation to keep 
them in suspension and are regarded as too large to be of much interest as a reactor fuel. 

The characteristics of a typical uranium trioxide slurry which has been heated at 250°C 
in stainless steel for several days are presented in Table 4.4.4. The viscosity at 30°C 
(1.2 cp) is about 50 percent greater than that of water at the same temperature. The sig- 
nificance of the impurities in the indicated concentration range has not been completely 
investigated; however, it is believed that they might play an important part in such factors 
as chemical stability, dispersibility, and corrosion. The settling rate represented essen- 
tially complete settling. The soluble uranium was present in a concentration (4 ppm) which 
is about the solubility of pure UO, -H,O in water at room temperature. 


PARTICLE-SIZE GROWTH (L. E. MORSE) 


Particle-size growth studies on UO; -H,O rods and platelets heated in water at 250°C 
were made® using a concentration of 250 gm U/liter. Particle-size analyses were made by 
gravitational and centrifugal sedimentation. The experimental details and results are given 
in Tables 4.4.5 and 4.4.6. The particle size of both species of oxide increased very rapidly 
in the first 2 hr of heating, but growth decreased markedly when the heating was extended 
to 24 hr. After heating for 24 hr, the average particle size was 3.9 » for rods and 7.8 p for 
platelets. 
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Table 4.4.4 —Characteristics of Typical Uranium Trioxide Slurry 
(250 gm U/l as UO,-H,O Platelets) 


Surface area* of solids 0.5 sq m/gm 
Viscosityf at 30°C 1.2 cp 
Impurities 

Fe 30 ppm 

Ni 15 ppm 

Cr 10 ppm 
pH 6.5 
Settling rate, vol. settled solid/total vol. 0.56 in 60 min 
Soluble uranium 4 ppm 


* Measured by nitrogen adsorption 
+ Measured with capillary tube viscosimeter 


Specifically, the values given in Tables 4.4.5 and 4.4.6 should be considered as applying 
to the actual oxides used in the experiment. Generally, the growth process can be broken 
down into two parts. When small particles are present, the growth process is very rapid, 
Since combinations of particles are possible by a collision process leading to the dissipa- 
tion of the high surface energies of the small particles. However, as the particles grow, 
this factor becomes less important, and the rate of growth is governed by such factors as 
solubility and the rates of diffusion and deposition of solute. These latter processes 
govern the ultimate sizes attained by the particles. Tables 4.4.5 and 4.4.6 show the range 
of particle size as well as the soluble uranium. 


STABLE SLURRIES 


The criterion for stability of a solid-liquid system is difficult to establish, since the 
required conditions for satisfactory reactor operation are not known. What is desired is 
a suspension that is sufficiently homogeneous within the reactor core to ensure adequate 
control and that can be pumped or otherwise handled like a true solution. There are two 
divergent approaches to this problem: (1) a solid-liquid system that will not settle out on 
standing for an arbitrary length of time, and (2) a slurry that is homogeneous only under 
dynamic flow conditions but capable of being readily redispersed if it once settles. 


Bentonite-stabilized Slurries (L. E. Morse and A. S. Kitzes) 


Preparation of stable slurries has been directed mainly toward those suitable for use in 
reactors operated at 250°C. Such a slurry is considered satisfactory if it does not settle to 
less than 50 percent of its original volume in 24 to 28 hr and if it can readily be resus- 
pended after being heated at 250°C and allowed to cool. 

UO, slurries containing 250 gm of uranium per liter of slurry cannot be stabilized with 
bentonite, because the viscosity increases so rapidly that it is impossible to incorporate 
the required amount of oxide. 

Anhydrous UOs, prepared by the thermal decomposition of uranyl peroxide at 250°C, 
forms stable thixotropic slurries at room temperatures when suspended in water at con- 
centrations of 40 gm of uranium per liter of slurry.? However, autoclaving at 250°C for 
1 hr makes the suspension unstable; the oxide settles very rapidly at room temperatures. 
The ratio of settled-solids volume to total volume is found to be 0.2. 
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Table 4.4.5 — Particle-size Growth in UO,-H,O Rods on Heating* 


Particle size, pu 


2.5 wt-% 10 wt-% Soluble uranium 

Heating conditions Average less than greater than in supernate, mg/ml 
Unheated slurry 0.5 0.3 1.3 
Heated to 160°C and 

allowed to cool 2.6 1.0 3.9 0.134 
Heated to 250°C and 

allowed to cool 2.3 1.6 2.7 .096 
Heated at 250°C for 

lhr 3.0 1.6 6.1 £135 

2 hr ak 1.9 4.9 .210 

4hr 3.2 1.5 5.3 240 

24 hr 3.9 ~  ~=41.8 5.5 .200 


*Conditions: 250 gm U/l; heated in sealed quartz tubes; all particle sizes are equivalent 
spherical diameters 


Table 4.4.6 — Particle-size Growth in Slurries of UO,°H,O (Platelets)* 


Particle size, pu 
ate | 


2.5 wt-% 10 wt-% Soluble uranium 

Heating conditions Average less than greater than in supernate, mg/ml 
Unheated slurry 1.8 0.4 
Heated to 160°C and 

allowed to cool 2.8 | 7.4 0.250 
Heated to 250°C and 

allowed to cool 4.2 1.6 10.3 310 
Heated at 250°C for 

lhr 4.8 1.3 10.4 .280 

2hr 6.2 2.2 13.8 aes 

4hr 6.0 2.5 13.3 0.468 

24 hr 7.8 5.0 14.6 .625 


*Conditions: 250 gm U/l; heated in sealed quartz tubes; all particle sizes are equivalent 
spherical diameters 


Bentonite, an alumino-silicate clay having cation exchange properties and an acceptably 
low neutron cross section, can be used to enhance the stability of uranium oxide slurries 
at 250°C. By converting the bentonite to the hydrogen form by electrodialysis, acid elution, 
or ion-exchange resins and by uSing only those particles which are less than 25 mu, the 
stabilizing power of bentonite is increased many fold. When this fractionated hydrogen 
bentonite is used, slurries containing 40 gm of uranium (as anhydrous UOQ,) and 13 gm of 
stabilizer per liter are stable after heating for 330 hr at 250°C.! The pH of these slurries 
is approximately 4. 
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Room temperature stability of material heated at 250°C for time T can be represented 
by the following empirical expression: 


Vs _ 
vi 0.97 — 0.019 T (1) 
where: V, = volume occupied by solids after settling 24 hr © 
V; = total volume of slurry 
T = days autoclaving at 250°C 


Reactor radiations do not affect the sedimentation characteristics of uranium oxide 
slurries stabilized by fractionated hydrogen bentonite. Slurries containing 40 gm of ura- 
nium (as UQs;) and 13 gm of stabilizer per liter have been irradiated in the ORNL graphite 
reactor for one week at 250°C in a thermal-neutron flux of 5 x 10"! neutrons/(cm’)(sec) 
with no apparent damage. 


Stable U,O; Slurries 


Although a series of stable binary uranium oxide slurries containing no stabilizing 
agent has been prepared, the U,O, slurries present the best possibility as a reactor fuel. 
U,O; particles approximately 60 my in diameter, prepared by spray-burning uranyl] nitrate 
dissolved in acetone, form stable slurries when treated with 0.5M NaH, Po,.° Samples 
heated at 250°C in pyrex glass tubing for 5 hr showed a slight settling; however, the solids 
are easily redispersed by mild shaking, and there is no clear supernatant liquid. Properties 
of this slurry are shown in Table 4.4.7. 


Table 4.4.7 —Characteristics of Typical U,O, Slurry 


Surface area of solids 13.2 m?/gm 
Viscosity* at 25°C 1.0 cp 

pH 10.0 

Color Gray-black 
Specific conductance at 25°C 2.6 x 1075 ohm/cm 
Stability of slurry after heating at 250°C Slight settling 


* Viscosity determined with Brookfield Synchrolectric viscometer. 


RADIATION STABILITY (J. P. McBRIDE) 


Both chemical and physical changes may be expected in a uranium oxide slurry during its 
use as a reactor fuel. The purpose of radiation stability studies is to determine the extent 
of any such effects. 

At present, information on this subject is essentially limited to three in-reactor studies 
using UO; -H,O rods at a concentration of 250 gm/1.'"" These experiments have demon- 
strated that under reactor irradiation some reduction of the uranium occurs along with 
considerable fragmentation but without significant growth of the slurry particles. The 
ultimate fate of the slurry or the final crystal form resulting from these processes has 
not yet been determined. No valid conclusions can yet be drawn with regard to the effect of 
radiation on the dispersibility or caking characteristics of the slurry. Gas production, 
while significant, was considerably less than in a solution of the same uranium concentra- 
tion. Details of the irradiation experiments are summarized in Table 4.4.8. It should be 
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noted that the slurries used in these studies contained small amounts of nitrogen impurity 
(approximately 50 to 100 ppm), presumably as UO.(NO;)5. To what extent the observed ef- 
fects are influenced by the presence of this impurity is of course unknown. Presumably, its 
release from the slurry particles accounts for the increase in soluble uranium whose pres- 
ence in the solution may influence some of the phenomena which occur under irradiation, 
such as gas recombination or the conversion of rads to platelets. 


Table 4.4.8 — Summary of the Effects of Reactor Irradiation on UO, -H,O Slurries 


Observation 


Neutron flux, n/(cm?)(sec) 

Irradiation time, hr 

Temperature, °C 

Soluble uranium in 
supernate, mg/ml 

ut in slurry, % 

Fluid pH 

Crystal habit 


Steady-state gas pressure 
excluding steam, psia 
Gas composition, % 
H, 
O, 
Co, 
Inerts 
Approximate G value* 
Fission products in 
supernate, % 


Irradiation conditions and effects 


Typical slurry 


properties Natural uranium 
7x 10! 
136 
sic 250 
<0.020 0.080 
<0.1 11 
6.7 5.6 
Rods Rods (fragments) 
@ee 330 


*G = molecules H,O decomposed/100 ev energy absorbed 


THERMAL PROPERTIES (A, S. KITZES) 


90% enriched 
uranium 


2-3 x 10'! 
250 


5.9 
Rods (fragments), 
platelets 
3000 


90% enriched 
uranium 


4—5 x 10'! 
144 


5.3 
Rods (fragments), 
platelets 
1550 


Convective heat transfer involving turbulent uranium trioxide slurries can be predicted 
by the relations appropriate to normal fluids, since the turbulent viscosity of these slurries 
appears to be independent of the Reynolds modulus. 

Slurries containing as much as 200 gm of uranium as trioxide per liter have been pumped 
through a stainless-steel loop at a velocity of 10.5 ft/sec with a centrifugal pump." Results 
of periodic heat-transfer measurements at 150°C indicate that the over-all heat-transfer 
coefficient is independent of the oxide concentration in the slurry and approximates within 
the experimental error the value obtained when pumping distilled water through the loop. 
The heat-transfer coefficient did not vary with time, indicating that film did not form on 


the heat-transfer surfaces. 
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VISCOSITY AND DENSITY 


For proper engineering design of systems requiring the pumping of slurries, the vis- 
cosity, density, and other related physical properties of the slurries must be known as a 
function not only of the concentration of uranium but also of particle size. 


Viscosity 


The viscosity of slurries of UO, -H,O and H,O can be ascertained over a wide range of 
temperatures by meaSuring the pressure drop required to give a desired flow rate of 
Slurry through a given length of small-diameter tubing. “4 The plasticity parameters 
shown for amorphous UO, -2H,O-H,O in Table 4.4.9, can then be determined from a plot 
of the shear diagrams. The coefficient of rigidity may be defined by the equation: 


APxXDX ___ 8V 
4, “sD | (2) 


Table 4.4.9 —Plasticity Parameters of Amorphous UO, -2H,O—H,O Slurries 


Temperature, °C 


40 70 80 100 120 140 
Concentration, 290 gm/1 
Coefficient of rigidity (n), lb/(ft) (sec) 0.0023 0.0021 0.0018 0.0016 
Yield stress (ry), lb/ft? 175 146 065 .065 
Concentration, 190 gm/l 
Coefficient of rigidity (n), lb/(ft)(sec) 0.0021 0.0018 0.0015 0.0011 
Yield stress (ry), lb/ft’ 131 101 .069 .030 


where: AP = pressure drop for given flow rate, lb/ft? 
D = diameter of tube, ft 
L = length of tube, ft 
V = velocity of slurry, ft/sec 
g = 32.2 (Ib/lb force) (ft/sec’) 
n = coefficient of rigidity = slope of curves 


Apparent viscosities for UO,;-H,O-H,O slurries can be calculated by using the param- 
eters listed in Table 4.4.5 in the following equation: 


y 
He = Nt (3) 


where: [ce = apparent viscosity 
n = coefficient of rigidity, lb/(ft)(sec) 
Ty = yield stress, lb/ft? 
D = diameter of pipe, ft 
V = velocity, ft/sec 


The viscosity of UO,°H,O slurries as a function of temperature is shown in Fig. 4.4.1. 
The data indicate no difference in viscosity between slurries of gamma oxide (rods) and 
delta oxide (platelets) containing 250 gm U/1. 
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| TEMPERATURE, °C 
84.1 71.8 60.3 49.6 


VISCOSITY, centipoises 


0.3 
0.0027 0.0029 0.003! 0.0033 
K 


Fig. 4.4.1 — Viscosity of UO;-H,O Slurries as a Function of Temperature. 
Submitted by Oak Ridge National Laboratory, Nov. 25, 1952. 


Plots of the fluidity (reciprocal of viscosity) vs concentration for fixed temperatures 
are shown in Fig. 4.4.2. The resulting isotherms when extrapolated to zero fluidity con- 
verge at a concentration of 890 gm U/l. This result is of interest since it appears to be 
related to the volume occupied by the solid phase of a settled slurry that has been heated 
at 250°C for 24 hr. Viscosity determinations’ were made by measuring the time required 
for a known volume of slurry to flow through a vertical tube of the proper dimensions. 
The pressure was fixed by the head of the suspension within the viscosimeter so that only 
the temperature and concentration could be varied for a given tube. 

With stable suspensions, a Stoermer viscosimeter using a modified Babbitt and Caldwell 
cup can also be used to determine the plasticity parameters for slurries.’® A literature 
review on this subject as applied to uranium oxide slurries is given by Kirshenbaum.’ 

Values for the turbulent viscosity of uranium trioxide slurries can also be determined 
from pressure-drop data. This is done by finding the Reynolds number which corresponds 
to the measured friction factor for water and solving for viscosity, for given tube-diam- 
eter, and for density and velocity of the slurry. For slurries containing as much as 300 
gm of uranium (as UO,-H,O) per liter, the turbulent viscosity appears to be independent 
of the Reynolds number as long as the slurry is in turbulent flow. 


Density 


The density of oxide slurries can be calculated using the following relation and assuming 
the density of dry oxide to be constant up to 250°C: 


d, = V(d, — ds) + ds (4) 
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Fig. 4.4.2 — Fluidity of UO;-H,O (Platelet) Slurries as a Function of Concen- 
tration. Submitted by Oak Ridge National Laboratory, Nov. 25, 1952. 


where: d, = density of slurry, gm/cm' 
d. = density of solids, gm/cm* 
d, = density of water at temperature T, gm/cm° 
V = volume fraction of solids in slurry 


EROSION BEHAVIOR (A, S. KITZES) 


The erosion of system components by circulating uranium trioxide slurries is not as 
serious as first believed. Results of many tests in which uranium trioxide slurries have 
been circulated under a variety of conditions indicate that (1) 18-8 stainless steels are not 
abraded (eroded) by these slurries and (2) the trioxides are much softer than the stainless 
steels. 
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Amorphous uranium trioxide monohydrate slurries have been circulated continuously by 
means of a fluid-bearing canned-rotor pump* (0.010-in. clearance between motor rotors 
and motor cans) at room temperature for approximately 1000 hr without detectable wear. 
Examination of the pump parts after disassembly showed no visible or measurable wear 
or corrosion. The oxide particles were, however, reduced in size. 

Slurries, containing as much as 200 gm U/liter of water have been cycled between 150° 
and 110°C while being pumped with a centrifugal pump for more than 1000 hr at a maximum 
velocity of 26 ft/sec, which occurred in the throat of a venturi. Inspection of impeller, 
venturi, and various bends showed no visible signs of erosion or corrosion, although the 
particles were comminuted. 

Examination of the pump impeller, orifice, and test samples of a loop in which UO, - H,O 
was circulated at 250°C for 100 hr showed no apparent signs of corrosion or abrasion other 
than a shiny film.° Maximum velocity in the loop was 70 ft/sec which occurred at the 
throat of a venturi. The particles, originally rods 2 to 3 » in diameter by 15 to 30 yp long, 
were abraded into spheres or ovals 2 to 3 » in diameter. 

No erosion or wear was observed when a Stellited bearing and journal were lubricated 
with a 100-gm/1 rod-type UOs slurry supplied by a small pump. The Stellited journal, 
1.4995 in. in diameter, was rotated in a 1.502 in.-diameter bearing for 100 hr at 1750 rpm 
with a radial load of 20 psi. 

Additional erosion data for various oxides against a variety of metals, including alumi- 
num, stainless steel, cold-rolled steel, beryllium oxide, and lead, are given by Kirshen- 
baum.” The data were obtained essentially from laboratory testing units in which test 
specimens were rotated at varying speeds from 1750 to 3500 rpm in a slurry of UO, or 
U,O,. According to the data, the rate of erosion depends markedly on: 

(1) Particle size of the oxide 

(2) Time 

(3) Concentration of solids in the slurry 
_ (4) Linear velocity at the eroding surface 

(5) Physical properties of the materials 

Qualitatively, the rate of erosion of the materials tested decreased in the following 
order: Lead, aluminum, aluminum alloys, cold-rolled steel, stainless steel, and beryllium 
oxide. This order is in agreement with the one expected from a consideration of scratch 
hardness. 
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THORIUM SLURRIES (ThO,-H,O) 
(T. C. Runion and J. O. Blomeke) 


Only a very limited amount of experimental work has been devoted to the development 
of aqueous thorium oxide slurries for use as breeding blankets. Contributions to this 
subject have been made by Hellman” of the Manhattan Project and, more recently, by 
Runion® of the Homogeneous Reactor Experiment at ORNL. The over-all objective of both 
programs was the development of an aqueous ThO, slurry containing 1000 gm Th/l. The 
principal requirements considered for these slurries were that they possess high fluidity 
concomitant with low pumping requirements and good heat transfer, low corrosivity and 
erosivity in the stainless steels, stability to heat and radiation, and low settling rates 
with easy dispersability. Hellman studied only unstable slurries using commercially 
available ThO, of questionable purity. Runion, using ThO, obtained by laboratory calcina- 
tion of purified thorium salts, also prepared slurries stabilized with small amounts of 
bentonite (Montmorillonite clay). 


*Described in ANP-65, p 170. 
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UNSTABLE ThO, SLURRIES 


A theoretical consideration of the fluidity and settling rates of 1000-gm/1 ThO,-H,O 
suspensions indicates that particles approximately 1 p in size should give a slurry which 
could be pumped easily without excessive erosion and yet possess very favorable settling 
characteristics. Starting with material covering a broad range of particle sizes, particles 
were fractionated by sedimentation and centrifugation into the following size ranges: 1 to 
10 p, 0.1 to 1 p, 0.1 to 0.5 p, and <0.1 yp. Slurries of these fractions had the properties 
indicated in Table 4.4.10. Some agglomeration was observed in the slurries containing 
particles less than 1 » in size, and slurries of particles of less than 0.5 p exhibited 
thixotropy. Slurry No. 3 of Table 4.4.10 was reported to have been easily dispersible after 
having been allowed to stand at room temperature for one month. , 


Table 4.4.10— Properties of Unstable ThO,-H,O Slurries 
(Concentration, 1000 gm Th/1) 


Slurry No. Particle size range, p Settling rate Viscosity Dispersibility 
1 1—10 10 cm/min 2 cp Poor 
2 0.1-1 1 cm/hr 2 cp Good 
3 0.1—0.5 0.5 cm/hr Slightly thixotropic Good 
4, 0.1 0 Thixotropic : 


Using 0.75 to 1.0 wt-% of fractionated bentonite, stable thorium slurries were prepared 
along the lines suggested by the preparation of uranium slurries. The amount of bentonite 
required for slurry stabilization varied directly with bentonite particle size. If bentonite 
particles less than 25 my in diameter were used, stable slurries containing 1000 gm of 
thorium per liter were obtained; nearly three times as much naturally occurring bentonite 
was required to produce the same stabilization. However, no appreciable advantage was 
realized by the use of particles of less than 1 p. By using a Brookfield Model LVF vis- 
cosimeter, a typical range of viscosities (10,000-2,000 cp) with varying shear rates was 
obtained. At lower viscosities, the slurries settled rapidly, and at higher values, stiff 
gels resulted. 

The thermal stability of ThO, slurries was tested by heating the slurries at 250°C in 
quartz tubes for periods up to two weeks. Although no appreciable change in properties 
was observed in these tests, similar tests in stainless-steel autoclaves under gentle 
agitation resulted in deposition of bentonite on the walls of the container and failure of the 
slurry. 


RADIATION STABILITY 


No evidence of caking or instability was observed when a slurry was heated at 100°C for 
one week in the ORNL reactor at a neutron flux of 5 x 10". 


CORROSION AND EROSION 


To determine the corrosive-erosive behavior of circulating thorium oxide slurries, a 
preliminary experiment was made using a slurry containing 88 gm of thorium per liter 
cycled between 150° and 110°C for 100 hr. Results of this one run indicate that (1) thorium 
oxide slurries are erosive, and (2) the over-all heat-transfer coefficient decreases because 
thorium oxide is deposited on the heat-transfer surfaces. A need for further study of 
thorium oxide slurries flowing under a variety of conditions is therefore indicated. 
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CHAPTER 4.5 


Properties of Aqueous Moderators 


J. W. Boyle 


RADIATION INDUCED DECOMPOSITION 


The interaction of radiation with matter is discussed in a number of texts,‘ and recent 
advances in radiation chemistry, particularly with respect to aqueous solutions, have been 
summarized in several excellent articles.** A brief outline of the present concepts, how- 
ever, involving the formation and reaction of free atoms and radicals, is given here as an 
aid in understanding the discussion that follows. 

Water may be considered to decompose by two separate processes: the forward reaction, 
Eq. (1), in which molecular products are formed, and the radical reaction, Eq. (2), in which 
free radicals are formed. 


2H,O ~— H, + H,O, | (1) 


The symbol -- may be read “under high-energy irradiation yields.” Some of the hydrogen 
peroxide formed in the forward reaction may decompose into oxygen and water: 


H,O, — ‘40, + H,O (3) 


The products observed after irradiation are the molecular products H,, Q,, and H,O,. If the 
water is pure, a low steady-state concentration of these products is reached—a condition 
in which the decomposition products, both molecular and free radical, are reacting with 
each other to re-form water at a rate equivalent to the decomposition rate. Two important 
reactions in this back reaction process are: 


H,O, + H — H,O + OH (4) 
H, + OH — H,O + H (5) 
This back reaction chain, Eqs. (4) and (5), is the chief method by which the molecular de- 


composition products are used up. If oxygen is present, e.g., as in Eq. (3), it can also be 
used in the following way: 


O, + H — HO, (6) 


1 References appear at end of chapter. 
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HO, + H — H,0, | (7) 
H,O, + H — H,O + OH (4) 


Impure water may contain solutes!® which react with or cause recombination of the free 
radicals, thereby inhibiting the back reaction, Eqs. (4) and (5), so that the molecular prod- 
ucts, Eqs. (1) and (3), accumulate. The reader is referred to Hochanadel!! and to some of 
the preceding references for a more detailed discussion of the mechanisms involved. 

The rate of the forward reaction, Eq. (1), depends on the intensity and type of radiation 
and is independent of temperature. The rate of the back reaction, Eqs. (4) and (5), de- 
pends on the temperature, concentration of dissolved products (pressure), and type and 
intensity of radiation. 


EFFECT OF TYPE OF RADIATION 


The decomposition of water by radiation can be conveniently expressed as the molecules 
of hydrogen gas produced per 100 ev of energy absorbed in the water. This number, when 
no back reaction of decomposition products to re-form water is present, gives the maxi- 
mum rate of decomposition which can occur and is called Gy, for hydrogen production. 
Gy, may vary as much as six to eight fold depending on the type of radiation. In Table 
4.5.1, Gy, is given for three different types of radiation. 


Table 4.5.1 — Gy, Maximum Rate of Decomposition per 100 ev of Various 
Radiations Absorbed in Water* 


Radiation GH, 
y-ray 0.3 — 0.7 
Fast neutrons!” 

(proton recoils) 1.5 
Fission fragments?” 1.8 


* Various reliable investigators cited by Allen’ obtained the spread of 
values shown in this table. Hochanadel!! obtained a value near the average 
of 0.46 for degassed solutions using a calorimetric measurement of the 
energy input 


Only y-rays and fast neutrons cause decomposition in pure moderator water, as fission 
fragments do not get into the water. See Chap. 4.3 of this section for the effects of fission 
fragments on water. 

By assuming that the yields for the various types of radiation are additive, the rate of 
decomposition under mixed radiations can be approximated in a reactor. (The value for 
fast neutrons in Table 4.5.1 was obtained by making this assumption.) For example, if 60 
percent of the energy absorbed by water is derived from the proton recoils of the fast 
neutrons and 40 percent of the energy from y-rays, then 0.60 x 1.5 + 0.40 x 0.46 = 1.08 = 
Gu.. 

Thermal neutrons cause no decomposition in pure water except by a secondary process: 


H! + n (thermal) — H? + (2.18 mev) (8) 


This process has a cross section of 0.31 barn and may add an appreciable contribution to 
the y-ray component of the energy. For example, in the reflector of a reactor such as the 
HRE, it may amount to as much as 20 percent of the y-ray component. 
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The type of radiation also has a marked effect on the radiation back reaction and thus 
on the steady-state pressure which is reached.’® Gamma-rays, x-rays, and fast electrons 
decompose water only to a small extent, the concentration of decomposition products 
amounting to only a few micro-moles per liter at the steady state. In heavy-particle 
radiations, such as a-rays or proton recoils from fast neutrons, a higher concentration 
of decomposition products is necessary before the steady state is reached. The radia- 
tions in a reactor are mixed y-rays and fast neutrons, so one would expect a steady-state 
pressure between the steady-state pressures of pure y-rays and fast neutrons. 

The effect of the type of radiation on the steady-state pressure has been well illustrated 
by the Radiation Chemistry Group**’* at ORNL by the following experiment which is plotted 
in Fig. 4.5.1A and B. 

A typical sample of pure water (Fig. 4.5.1A) was irradiated in a silica ampoule ina 
graphite reactor until a steady-state pressure was reached; then it was re-irradiated 
while surrounded with paraffin, thereby altering the y-ray component only a little while 
greatly reducing the number of fast neutrons getting into the water. The steady-state pres- 
sure dropped to a much lower value. Another typical sample (Fig. 4.51B) was also irra- 
diated until a steady-state pressure was reached, then re-irradiated while surrounded 
with lead. The steady-state pressure was raised since very few of the fast neutrons were 
slowed down or absorbed by the lead whereas many of the y-rays were absorbed. Dif- 
ferent samples gave different steady-state values because the nature of the impurities 
produced during radiation varied with the different samples of silica tubing; steady-state 
pressure varied from 51 to 147 cm in a series of ampoules upon the first irradiation. 

This experiment demonstrates that the steady-state pressure can be lowered by increasing 
the y-ray/fast neutron ratio in a reactor. The time necessary to reach equilibrium de- 
pends upon the geometry of the sample, a nearly filled ampoule reaching equilibrium much 
quicker than a half-filled ampoule. The degree of filling (gas/liquid ratio) also will affect 
the magnitude of the steady-state pressure (see below). 


EFFECT OF PRESSURE 


Pressure does not affect the radiation decomposition of water, Eq. (1), but does have an 
influence on the reactions between the decomposition products. The rate of the back reac- 
tion, Eqs. (4) and (5), is thermally sensitive; it is accelerated by increasing the concentra- 
tion of hydrogen but is decelerated by increasing the concentration of either hydrogen per- 
oxide or oxygen.®*!4»5 The concentration of dissolved gases is governed by Henry’s Law 
and has been measured for hydrogen and oxygen over a wide range of temperature at 
Battelle Memorial Institute.“ 

If the pressure of the system is below the steady-state pressure, the rate of the decom- 
position reaction is greater than the rate of the recombination reaction, and the pressure 
builds up until the steady-state pressure is reached, at which point both rates are equal 
and no further net decomposition occurs. If the system has a pressure greater than the 
steady-state pressure, the recombination rate is greater than the decomposition rate, and 
the pressure decreases until the steady-state pressure is reached. 

The ratio of the molecular decomposition product concentrations in solution is of im- 
portance.’*>!! If hydrogen is added to water prior to irradiation or if a solution of oxygen 
and hydrogen peroxide contains a large excess of hydrogen, the decomposition of water 
may be almost completely repressed. The kinetics of the back reaction in the presence of 
a large excess of hydrogen is reproducible and is proportional to the concentration of hy- 
drogen, inversely proportional to the hydrogen peroxide concentration, and independent of 
radiation intensity: 


—d(H,) _—d(H,O,) | (H,) 
d(dose) (dose) =—Gr +K (H,O,) (9) 
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Fig. 4.5.1 — Effect of Radiation Type on Water Decomposition. Submitted by 
Oak Ridge National Laboratory, Jan. 13, 1953. 


676 


PROPERTIES OF AQUEOUS MODERATORS CHAP. 4.5 


Gy; is the yield of formation of hydrogen for the radiation involved and may be obtained 
from Table 4.5.1. 

If oxygen or hydrogen peroxide is added initially (aerated water), the rates are not re- 
producible, and decomposition may continue to high levels with much hydrogen and oxygen 
being produced. | 

It follows from the preceding discussion that the gas phase/liquid phase ratio has an in- 
fluence on the steady-state pressure attained. If no gas phase is present, all decomposi- 
tion products remain in solution, a steady state is reached sooner, and the steady-state 
concentration is lower. In the latter case, much of the hydrogen and oxygen escape into 
the gas phase, leaving an excess of hydrogen peroxide in solution. In the X-10 graphite 
reactor where about two thirds of the energy absorbed by the water is from fast neutrons 
and one third from y-rays,"" the steady-state concentration of hydrogen at 250°C is about 
20 micro-moles/liter which is equivalent to a hydrogen pressure over the water of 20 mm 
of Hg.'° The energy input in this case amounts to about 2 x 10'* ev/(gm)(min). 

If high steady-state pressures are attained, then explosive gases accumulate in the gas 
phase. If neither high pressures nor the presence of explosive gases can be tolerated, the 
decomposition gases have to be bled off or recombined by some external means. 


EFFECT OF TEMPERATURE 


The rate of radiation-induced water decomposition is probably independent of tempera- 
ture, but the rate of the back reaction between the decomposition products is temperature 
dependent; therefore the steady-state pressure is also dependent on temperature. The 
production of hydrogen (under constant radiation dose) as a function of temperature be- 
tween 30° and 250°C has been studied for UO?* solutions.” No detectable change in the 
rate of hydrogen production was observed within this temperature range. The steady- 
state pressure is markedly reduced by an increase in temperature.”® The pronounced ef- 
fect of temperature on the radiation-induced back-reaction is shown in Fig. 4.5.2, which is 
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Fig. 4.5.2 — Effect of Temperature on Water Decomposition by Reactor Radiation. 
Submitted by Oak Ridge National Laboratory, Jan. 13, 1953. 
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a plot of an experiment carried out in the X-10 graphite reactor by members of the Radia- 
tion Chemistry Group at ORNL. The energy input amounted to about 2 x 10’® ev/(gm)(min) 
of which approximately two thirds was from fast neutrons and one third from y-rays. A 
duplicate sample differed somewhat because of trace impurities but showed the same 
strong temperature dependence. Work at ORNL and elsewhere has shown that the purer 


the water, the lower the steady-state pressure over the water. 


10,18 1t seems fair to 


infer from two seemingly duplicate samples that the one showing the lower steady state 
is the purer. . 

in a reactor where it is possible to purify the water continuously by some means such 
as passing through a mixed cation-anion resin, a lower steady-state level should be en- 
countered than in a small container where impurities from the container wall are con- 
tinually accumulating in the water. It has been shown that impurities entering from the 
walls of a container gradually but steadily raise the steady-state pressure. 

The CP-3 Argonne heavy-water reactor has a somewhat similar history. The accumu- 
lation of impurities from the start-up in 1944 until 1950 lowered the pH of the water, in- 
creased water decomposition, and resulted in loss of reactor reactivity. In the spring of 
1951, the reactor D,O was distilled in a bypass stream which reduced the impurities con- 
siderably. In May 1951, a mixed-bed resin column was placed in a bypass stream; since 
then, net decomposition has decreased to practically zero, and excess reactivity has been 
greatly increased. 


THERMAL PROPERTIES 


The thermal properties of both light and heavy water are given in many standard re- 
ferences. See also Section 1 of this volume. 
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CHAPTER 4.6 


Nuclear Design Data 


CONTROL OF HOMOGENEOUS AQUEOUS REACTORS 


INTRODUCTION (R. B. Briggs) 


Control requirements for aqueous homogeneous reactors are Similar to those for other 
types. It must be possible (1) to start the reactor and bring it to a prescribed operating 
power and temperature, (2) to make changes in operating power and temperature while the 
reactor is operating, (3) to control reactivity disturbances which might cause damage to the 
equipment, and (4) to shut down the reactor at will. The fluid nature of both the fuel and 
moderator make several methods of control possible in addition to the method using con- 
ventional mechanical control rods. 

Calculations for the Homogeneous Reactor Experiment (HRE) at ORNL indicate that 
the negative temperature coefficient of reactivity is large enough to control any foresee- 
able disturbances in the reactivity, item (3) above, before the equipment can be damaged. 
If the power level and temperature are permitted to vary about prescribed mean values, 
the negative temperature coefficient makes the reactor self-regulating. 

Other means are required to accomplish items (1), (2), and (4) above. Some of these 
which have been considered are control of fuel concentration, control of fuel enrichment, 
control of rate of heat removal, control of reflector level in D,O-reflected reactors, and 
dumping the fuel solution. 


NONMECHANICAL CONTROL METHODS (R. B. Briggs) 


CONCENTRATION CONTROL 


Using an aqueous solution fuel permits changing the reactivity of the reactor by adjusting 
the fuel concentration. A typical curve of critical concentration vs temperature is shown in 
Fig. 4.6.1. The reactor may be started at 100°C or below by filling the circulating system 
with D.O and gradually adding fuel until the reactor becomes critical. With the reactor 
operating at lower power, the fuel concentration is increased which increases the tempera- 
ture correspondingly; this is continued until the desired fuel concentration and operating 
temperature are reached. During operation, slow changes in operating temperature can be 
achieved by adjusting the fuel concentration. Evaporators are provided to separate excess 
fuel solution into D,O and a fuel concentrate. 

The effectiveness of concentration control during operation depends on the slope of the 
temperature-concentration curve at the operating point. In the case of the HRE, where the 
reactor is operated with ~ 90 percent uranium-235 in 25 to 40 gm/1 solution, 5k/6c = 1.3 x 
10° per gm uranium-235 per kg of H,O at 100°C and 1.0 x 107 per gm uranium-235 per kg 
of H,O at 200°C. 
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ENRICHMENT CONTROL 


As an alternative to varying the concentration in order to change the reactivity of an 
aqueous homogeneous reactor, it is possible to vary the fuel enrichment. A typical curve 
of critical enrichment vs temperature is shown in Fig. 4.6.1. In starting the reactor, the 
circulating system can be filled at 100°C with fuel solution of less than the desired operat- 
ing concentration and less than the critical enrichment for operation at 100°C. Enriched 
fuel can be added to the reactor as it becomes critical and as the temperature rises until 
the desired operating temperature and fuel concentration are reached. Changes in operat- 
ing temperature can be achieved by adjusting the enrichment of the fuel added continuously 
or at frequent intervals. 


CONTROLLED RATE OF HEAT REMOVAL 


Aqueous homogeneous reactors are designed and fueled to operate at a specified average 
temperature. The operating power can be controlled by the rate at which the fuel solution 
is pumped through the reactor and by the difference in temperature between the average 
reactor temperature and the inlet fluid temperature. The operating power of a given sys- 
tem can be increased by removing more heat in the external system, i.e., by decreasing 
the reactor inlet temperature. It can be decreased by removing less power in the external 
system which results in a higher reactor inlet temperature. If the heat-removal equipment 
is operated to maintain a constant temperature of fluid entering the core, the power can be 
varied by varying the flow of fluid. 


DUMPING FUEL 


Fluid-fueled reactors can be shut down by dumping a part of the fuel from the core. 
Valves are provided which open upon a signal from the operator or the control instruments 
to dump the fuel into external storage tanks. 


REFLECTOR-LEVEL CONTROL 


The reactivity of the HRE can be controlled by regulating the level of the D,O reflector 
which surrounds the core. Measurements made during the critical experiments showed the 
reflector to be worth 6.6 percent in Akegr at 20°C. 


MECHANICAL RODS OR PLATES (C. L. Segaser and R. B. Briggs) 


In addition to means for varying the fuel-solution concentration and the reflector level, 
the HRE was provided with three sets of mechanical control plates in the reflector sur- 
rounding the core tank. These are shown in Fig. 4.6.2. 

Figures 4.6.3 and 4.6.4 show the mechanism devised for raising and lowering the safety 
plates and the regulating plate, respectively.! All mechanisms pertaining to the control- 
plate drives are contained within thimbles attached mechanically to the top flange closure. 
The pressure within these thimbles is maintained at the same value (1000 psi) as in the 
reflector pressure vessel, but the temperature is reduced by running coolant through 
jackets surrounding the thimbles. The portions of the drive mechanism (electrical insula- 
tion and the like) which are likely to be damaged by radiation are located at the maximum 
practical distance from the core tank and are partially shielded by the 10-in.-thick steel 
top flange closure. 

Pressure is maintained in the control mechanism thimbles and in the reflector vessel by 
introducing helium at 1000 psi near the top of each thimble. This helium, as it flows down- 
ward through thimbles, prevents diffusion of dissociation gases (D, and O,), thus reducing 
the possibility of an explosion. 


1 References appear at end of chapter. 


681 


CHAP. 4.6 AQUEOUS FUEL SYSTEMS 


PRESSURIZER VENT , y SAFETY PLATE 


_ Zag tt DRIVE 
PRESSURIZER _ 5. a\ ene 
~ » F | JACKET 
HELIUM IN | Heal ~ GAS AND FUEL 
oe ea” LET DOWN 
ogy [ 
FUEL LEVEL LINES Se FUEL OUT 


fe 
2 ait « 
PRESSURIZER _/ 
STEAM IN 
COOLING 0 Mes OR 
WATER OU i > FUEL IN 


REFLECTOR IN |” 


~” REFLECTOR 
VESSEL 


CONDENSATE OUT 


cp 4 


HELIUM OUT , 


: P REFLECTOR 


REGULATING FLOW LINER 


PLATE 
CORE TANK. to Yas 
a ae 1S ION CHAMBER 
wf al "iA « THIMBLE 

BRIDGE : 

TUBE 

Zf REFLECTOR OUT | | 
CORE TANK _ APPROXIMATE SCALE IN FEET 
DRAIN ) 2 3 


Fig. 4.6.2—— Homogeneous Reactor Experiment Reactor Tank Assembly 
Reprinted from ORNL-1318, Sept. 9, 1952; submitted by Oak Ridge National 
Laboratory, Nov. 25, 1952. 
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The safety plates are connected by a rod through a hole in the top flange closure to an 
armature in the safety-rod thimble. An electromagnet, above the armature, is driven by a 
power screw connected to a vertically mounted gear-motor. The magnet may be lowered 
to engage and magnetically connect the armature, and by reversing the motor, it will lift 
the rod and connected plate from around the core tank. By de-energizing the magnet, the 
rod will fall by gravity plus an ‘initial acceleration imparted by the force of a compressed 
spring. A shock absorber stops the rod at the termination of its drop by absorbing a por- 
tion of its kinetic energy. The safety plates can be withdrawn at a rate of 4 in./min. They 
drop into place around the core in 0.15 sec. 

The regulating plate is connected by a rod through a hole in the top closure to a guided 
nut in the regulating-rod thimble. A power-driven screw varies the position of the regu- 
lating plate relative to the core tank as demanded by small changes in reactivity. The 
three holes through the top closure for the control-plate drive-rods are limited in size 
and are located as far from the center of the closure as possible to avoid weakening the 
flange. The regulating plate can be withdrawn or inserted at a rate of 4 in./min. Rapid 
fluctuations in reactivity are controlled by the power or temperature coefficient. 

The control plates were made by enclosing boral sheet (a mixture of boron carbide and 
aluminum) in a stainless-steel envelope. An improvement in this technique consists of 
cladding a boron carbide copper compact with stainless steel. Measurements obtained in 
critical experiments show each of the safety plates to be worth 0.48 percent in Akgr, at 
100°C and 0.64 percent at 200°C. The regulating plate controls 0.33 percent in Akggr at 
100°C and 0.44 percent at 200°C. 


SAFETY CONSIDERATIONS 


INHERENT STABILITY 
See “Neutron Chain Reactor Kinetics” in Chapter 4.1. 


GAS EXPLOSIONS (P. N. Haubenreich) 


The generation of hydrogen and oxygen from the decomposition of water in aqueous 
homogeneous reactors presents a possible explosion hazard. Gas bubbles will form, and if 
the system pressure is sufficiently high, these bubbles will contain an explosive mixture of 
hydrogen, oxygen, ana water vapor. Explosions might occur in the core, gas separator, re- 
combiner system, and connecting piping. 

A chemical explosion may occur by one of two distinct processes: 

(1) Deflagration, or smooth burning, which is controlled by chemical reaction rate and 
mixing processes and is characterized by a relatively low velocity of flame propagation. 

(2) Detonation, which is largely a hydrodynamic phenomenon and is characterized by a 
shock wave which travels through the unburned gas at a velocity greater than that of sound. 

The measured explosion (deflagration) limits of mixtures of hydrogen, oxygen, and water 
vapor indicate that when the concentration of hydrogen and oxygen in stoichiometric ratio 
is less than 25 percent, the mixture is generally nonexplosive, and the mixture is definitely 
nonexplosive when the concentration is less than about 17 percent. The explosive limits 
vary little over the pressure range of 1 to 68 atm. | 

Pressures from constant-volume deflagrations can be calculated quite accurately as 
confirmed by experimental data. A more realistic approach is to consider the effect of 
changes in gas volume resulting from compression of the surrounding liquid and the ex- 
pansion of the vessel as the gas burns. In this case, unlike the constant volume process, 
the explosion pressure is a function of both gas and liquid volumes and vessel design. If 
the explosion occurs in a large vessel, a shock wave may build up in the medium surround- 
ing the explosion and reach the wall of the vessel. The peak pressure would then be 
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approximately twice the calculated equilibrium explosion pressure.* If the pressure wave 
Striking the wall is reflected without appreciable energy loss, the peak pressure may be 
fourfold greater than the equilibrium pressure. | 

Figure 4.6.5 shows the equilibrium explosion pressures and resultant shell stresses for 
the deflagration of various amounts of gas in the core of the ISHR when operating at 250°C 
and 1000 psia. The volume of the core is 113.1 cu ft, and in this case, the spherical shell 
is assumed to be 2.5 in. thick. Compression of the liquid and expansion of the shell were 
taken into account, but the effect of the pressurizer was not considered, assuming instead 
that no liquid escapes from the core during the explosion. Since the change in gas volume 
owing to shell expansion is quite small compared with that from compression of the liquid, 
the pressures shown for a particular gas-to-liquid ratio should apply in any part of the 
system where the initial pressure and temperature are approximately the same as in the 
core. In the gas separator, the gas-to-liquid ratio will be much higher than in the core, 
with resultant higher explosion pressures. In the lines carrying only gas, the explosion 
pressure will approach that for constant-volume deflagration, which is 4710 psia for 
initial conditions of 250°C and 1000 psia. 

Composition limits of detonability are not well defined, since a detonation may begin in 
a more combustible mixture and progress into a mixture of poor detonability. However, in 
such a case the detonation wave becomes unstable and degenerates to a normal compres- 
sion wave. 

The occurrence of a stable detonation wave is a strong function of the geometry of the 
system, in general existing only in channels not widely diverging in cross-sectional area. 
A fully formed detonation wave can be degenerated by allowing it to encounter obstacles 
such as a wire helix, baffles, numerous bends and elbows, or a series of expanding and 
diverging sections to bring about irreversible energy losses. A combustible mixture ina 
large sphere will not detonate even if the source of ignition is a detonation wave that has 
progressed through a tube that terminates in the center of the sphere. Hence, there is little 
likelihood of a detonation occurring in the core vessel unless there is a vortex through 
which the detonation could progress in unidirectional flow. In any component of the reactor 
equipment where the combustible gas mixture exists as a continuous gas phase in a rela- 
tively long, straight tube, there is a possibility of detonation and high impact pressures. 

If the gas is a stoichiometric mixture of hydrogen and oxygen in equilibrium with water at 
250°C and 1000 psia, the stable detonation wave velocity would be about 6920 ft/sec with a 
resulting impact pressure of 14,400 psia. Since the detonation wave, once formed, travels 
so rapidly, there is little chance of pressure relief by means of surge capacities in the 
system. If reflection occurs, the peak pressure may be two fold greater than the calculated 
impact pressure. 


INDUCED ACTIVITY IN EXTERNAL EQUIPMENT 
(P. N. Haubenreich) 


A problem of special importance in circulating-fuel reactors is the difficulty of main- 
tenance because of induced radioactivity. Even when pumps, valves, and heat exchangers 
are separated from the reactor compartment by shielding, they will become radioactive 
because of the capture of delayed neutrons emitted by the circulating fuel. The level of 
activity depends on the density of neutron emission in the fuel, the size and shape of the 
liquid volume, and the nature of the materials exposed to the neutrons. 

The density of delayed-neutron emission is fixed by the reactor power level, the system 
volume and flow rate, and the location of the point being considered. The total number of 


* The pressure which would be measured after the pressure transients have died out and before 
cooling of the combustion products. 
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Fig. 4.6.5 —Calculated Pressures and Stresses Resulting From an Explosion in 
the Core of the Proposed Homogeneous Reactor. Submitted by Oak Ridge National 
‘Laboratory, Nov. 25, 1952. 
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delayed neutrons being emitted is determined by the reactor power, whereas the flow rate 
and relative volumes of reactor and external circulatory system fix the fraction emitted 
outside the core. As the ratio of external volume to core volume becomes larger, the 
fraction of delayed neutrons emitted in the external system also increases, but because of 
a longer decay time per cycle which reduces the concentration of delayed neutron precur- 
sors, the emission density becomes smaller. 

The size and shape of the liquid volume affect the leakage probability and the multipli- 
cation, which in the case of larger volumes appreciably increases the number of neutrons. 
Calculation of the actual number of absorptions in equipment is sometimes difficult because 
of complicated geometry. A convenient assumption is the upper limit in which all neutrons 
emitted in a piece of equipment are absorbed in the walls. For simple shapes, a closer 
approximation can be had by taking into account flux distributions and absorption cross 
sections. | 

To predict accurately the induced activities in equipment, the energy distribution of the 
leakage neutrons should be considered, since some reactions which lead to radioactive 
isotopes [such as Ni® (n,p)Co™] take place only at higher energies. Other necessary in- 
formation includes the analysis of the material, and the abundances, absorption cross 
sections, and decay schemes of the isotopes. A careful analysis is necessary since ele- 
ments which appear in only trace amounts may be major sources of activity. Notable 
examples are cobalt, which appears to some extent in almost all alloys, and tantalum, 
which shows up in stainless steel containing niobium. Both these elements are trouble- 
some because of a large cross section, high yield of penetrating gamma rays, anda 
long half-life. 

Figure 4.6.6 shows the calculated upper limit of induced activity in the walls of a 20-in. 
pipe in a Homogeneous Reactor after operation at 48,000 kw for two years. The figures 
are for a flow rate of 20,000 gpm, a core volume of 113 cu ft, and an external system vol- 
ume of 272 cu ft. For these conditions, 0.6 of the delayed neutrons are emitted in the ex- 
ternal system, giving an average delayed-neutron emiss:on density of 2.2 x 10° neutrons/ 
(cm‘)(sec). Taking into account leakage probabilities and multiplication in a 20-in. pipe, 
the leakage is 2.3 x 10’° neutrons/(sec)(cm?) of external surface. If all these are absorbed 
in the pipe walls, the source strength will be shown. After a 24-hr decay, the activity will 
be 0.0033 curies/cm? of surface with an average photon energy of about 1 mev. 
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CHAPTER 4.7 


Engineering Design Information 


REACTOR CONFIGURATION (R. B. Briggs) 


GENERAL CHARACTERISTICS 


Two basic configurations have been considered for aqueous homogeneous reactors, 
namely the single-region reactor, which is essentially a bare reactor, and the two-region 
reactor, which consists of a core surrounded by a reflector or by a blanket of fertile ma- 
terial. Both types of reactors can be used tor breeding uranium-233 or for producing 
power (Figs. 4.7.1 and 4.7.2). 

Two-region reactors have been suggested primarily as thorium-uranium-233 breeder 
reactors. Thev consist of a core of fissile material and moderator surrounded by a blanket 
of fertile material ana moderator. D,O is the moderator required for thermal breeding or 
economical conversion. The core is made as small as possible consistent with the power 
to be removed and the criticality requirements. The concentration of thorium in the blan- 
ket is made as great as possible to obtain a thin blanket and a minimum over-all diameter. 
A two-region reactor can thus be small with essentially no leakage but at the expense of 
parasitic absorption of neutrons in the wall of the tank which separates the core from the 
blanket. When the core is small, the critical concentration can be 1 to 5 gm U/; the in- 
ventory of fissile material in the core can thus be less than 15 kg while that in the external 
system can be half or less than half of that required in a single-region reactor. 

There is little difference between one- and two-region reactors that produce power by 
consuming highly enriched fissile material without producing additional fissile atoms. In 
either case, the reactor can be small and moderated by either H,O or by D,O. When H,O 
is used, the uranium-235 concentration must be greater than 10 gm/1]; by using D,O, the 
uranium-235 concentration can be reduced to 1 to 5 gm/I1, and the cost of the fuel solution 
is usually less in this case. A reflector surrounds the core of a two-region power pro- 
ducer of this type. The reflector reduces the critical concentration required in the core, 
and if a fluid reflector is used, it provides a control method through adjustment of the re- 
flector level. 


DESIGN PROBLEMS OF ONE- AND TWO-CORE REACTOR VESSELS 


The problems encountered in designing pressure vessels for one- and two-region re- 
actors (the outer vessel in the two-region reactor) are similar in most respects. Both 
are designed on the basis of the same maximum permissible stress for a given material 
of construction. The construction material can be chosen on the basis of corrosion re- 
sistance and structural and thermal properties with little regard for nuclear properties. 

Two principal types of stresses must be considered in designing the pressure vessels: 
(1) stresses resulting from the confined pressure and (2) thermal stresses resulting from 
heat production, and consequent temperature differences, in the metal. 


691 


AQUEOUS FUEL SYSTEMS 


CHAP. 4.7 


FUEL. OUTLET 


LINER AND 


THERMAL SHIELD 
THERMAL SHIELD 


PRESSURE SHELL 


‘ 3 
© gs UWE =! 
S\ —,) 


~~ ™ 
sy 
~ > 
~ 
4a 
> 
‘ 
. 
ez, \ 
a : 
~ ~ ® 
oe 
~ 
> 
. 
4 ~ = 
— — 
. ~ . = a 
~ — > & off ~ > ..12 
~ 
~ 
a ~ - 
, 
. 
:. 
. 
> 
- «+ = —— 
o . 
- - = 
P > a = —~- 
4 : = 
- + } —_ 
-- 7 4 —— = = 
e e —— i >. 
s om * 
-" “Ts 
- =. 
o- J 
. 4, - 
> 
Z 
- e 4 s 
> . 
_ “ 
s 
= o 
- 
-_ ~~ 
= “ ~ A 
- * - 
. = 


15 SS 


COOLING WATER 
INLETS 


—- SRB MAA __ 


— = 


Fig. 4.7.1— Typical Arrangement for Single-region Reactor. Submitted by Oak 


Ridge National Laboratory, Nov. 25, 1952. 
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Fig. 4.7.2— Typical Arrangement for Two-region Reactor. Submitted by Oak 
Ridge National Laboratory, Nov. 25, 1952. 
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Usually the pressure-vessel wall is thin in comparison with the inner radius of the 
vessel; the “thin-wall” formulas for calculating pressure stresses are then applicable. 
They are: 


Pa ; 
Og=>— (for cylinders) (1) 
and: 

Pa? 
Op =p? _ at (for spheres) (2) 


where: o, = tangential stress, lb/in.’ 
P = internal pressure, lb/in.? 
a = inside radius, in. 
b = outside radius, in.e 
Thermal stresses are superposed on the pressure stresses and can be approximated by 
the following formulas for hollow cylinders:' 


ak r? — a? 
o.= tio =f Trdr— Tr ar) (3) 
ak /[r? +2? r 
= te (ES [rar f Tr dr — Tr’) | (4) 
Eft Gapreay fe i 


and by the following formulas for hollow spheres:’ 


_ 2ak ré—a° _, 2 

0 = 7* (ahs —a) 7 Tr’dr 45 f Tr ar) (6) 
_2a@E/_ari+a*_ (>. lf" petge — 2 

og = EGE x f Tr’dr + 53 f Tr‘dr—-3T (7) 


where: o, = radial stress, lb/in.” 
= tangential stress, b/i in.’ 
= axial stress, lb/in.’ 
= linear coefficient of expansion, in./in. °F 
7 = Young’s modulus, 1Ib/in.? 
y = Poisson’s ratio 
r = radius, in. 
a = inner radius, in. 
b = outer radius, in. 
T = temperature at radius, r, °F A 
€, = the constant axial strain, in./in., which makes the resultant of normal forces 
distributed over the cross-sectional area of the cylinder equal to zero. 


ei 


Equations (3), (4), and (5) apply directly to a cylinder with no mechanical constraints, 
with only radial temperature gradients, and at sections distant from the ends. Maximum 


‘References appear at end of chapter. 
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tangential and axial stresses are equal and occur at the inner and outer radii. Equations 
(6) and (7) apply where there are no constraints and where the temperature is a function 
of radius only. Solution of the stress equations depends upon a knowledge of the radial 
temperature distribution which in turn depends upon the manner .in which heat is generated 
in the metal wall and/or upon the temperatures at the inner and outer surfaces. Heat is 
produced in the metal by the following processes: | 

(1) The absorption of gamma rays arising from neutron capture, from fission products, 
and from fission within the vessel. 

(2) The recoil energy from the scattering of fast neutrons in the shell. 

(3) The absorption of gamma rays produced by the inelastic scattering of fast neutrons 
in the shell. 

(4) The absorption of capture gamma rays. produced as neutrons are captured in the 
shell. 

Although it may be possible to obtain the heat production function for the desired cylin- 
drical or spherical geometry, it is simpler and usually sufficiently accurate to obtain the 
leakage fluxes of gamma rays and neutrons into the pressure shell for the desired geom- 
etry and then to calculate the heat production for a slab geometry with the same leakage 
fluxes into the slab. Methods for obtaining the heat production function have been de- 
scribed by Grotenhuis,® Segaser,‘' Enlund,® and Spiewak.* The function can usually be de- 
scribed by the sum and difference of several exponentials. For most purposes, a single 
exponential can be used as a satisfactory approximation, and a uniform volumetric heat 
production rate may often be assumed. 

Carter’ has reported temperature distributions and stresses for spheres, rods, tubes, 
and plates for uniform heat generation. Where the heat production is defined by exponen- 
tial functions, the temperature distribution is usually calculated for a slab using the re- 
lation: 


af --H (8) 


where H is the heat production function and k is the thermal conductivity. The thermal 
stresses can be estimated by substituting the equation for temperature distribution for 

T in the stress equations. The total stress is obtained by combining the pressure stresses 
with the thermal stresses as shown in Fig. 4.7.3. Pressure stresses decrease and thermal 
stresses increase with increasing shell thickness such as results in a minimum com- 
bined stress. Often this stress is greater than the permissible design stress; thermal 
shielding must then be provided between the core and pressure vessel to reduce heat pro- 
duction and obtain a reasonable stress. Use of a thermal shield is illustrated in Fig. 4.7.1. 
Segaser‘ and Spiewak® report stresses and temperature distributions in spherical steel 
shells for various boundary conditions. 

Designing the core tank in a two-region reactor presents special problems. Compared 
to the pressure vessel, the core tank may be made of a different material and may operate 
at a different temperature leading to problems of differential expansion. Bellows expansion 
joints in the piping or a piping design, as shown in Fig. 4.7.2, that will permit bending of 
the piping may be required to compensate for differential expansion. Absorption of neu- 
trons by the core tank constitutes an important loss, and the core tank must be made as 
thin as is consistent with the strength requirements dictated by the pressure differences 
which can exist between the core and the blanket. The selection of materials must be based 
on a compromise between mechanical and nuclear properties of the construction materials. 

Some properties of four possible core tank materials are tabulated in Table 4.7.1. The 
ranges listed should not be taken as authoritative but only as representative of the values. 
The factor aE/k is directly proportional to the thermal stresses, and the product 2, tis a 
measure of the number of neutrons absorbed in passing through vessel walls of the same 


strength. 
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Fig. 4.7.3— Tensile Stress at Inner Surface of 6-ft-ID Spherical Reactor Core 
Vessel. Submitted by Oak Ridge National Laboratory, Nov. 25, 1952. 


Property 


a x 108, in./(in.)(°F) 


E x 1078, lb/in.? 


k, Btu/ (hr) (ft) (°F) 


ak 


SS fas 


k 


Ultimate strength, lb/in.” 
Yield strength, lb/in.? 


Thickness (t), in.* 


Za, CM™ 


zt 


thermal 
neutrons 


Carbon steel 


5.6—6.3 
(32°—212°F) 

31-—26.7 
(70°—752°F) 


30 —25 


(70°—700°F) 
5.8—6.7 


~65,000 
~35 ,000 
1 

0.202T 


0.202 


Austenitic 
stainless steel 


8—11.2 
(32°—1200°F) 
29 —24 


(212° —752°F) 


8—12.8 
(212°—932°F) 

29—21 

80—100,000 


35 —60,000 
1—0.58 


0.2447 
0.244—0.142 


Table 4.7.1—Properties of Core-tank Materials 


Titanium 


4.95 —5.12 
(80°—1350°F) 
14 (70°F) 


7.5—10 (32°F) 


9.3-—7 


70 — 80,000 
45—55,000 
0.78—0.64 
0.316 


0.246—0.202 


*t is reiative thickness based on yield strength of carbon steel as unity 
+t Calculated from values of o, obtained from H. Pomerance, ORNL 


Zirconium 


2.9-4.9 
(300°—700°F) 
10 (70°F) 


11.3-—10.7 
(32°—500°F) 
2.9—4.5 


20—30,000 
~11,000 
3.2 
0.0072f 


0.021 
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FORCED-CONVECTION COOLING (R. B. Briggs and C. L. Segaser) 


Cooling by forced convection is the method commonly proposed for removing heat from 
aqueous homogeneous reactors. The term “forced convection” is used in the sense that 
the water solution or slurry of fuel is pumped through a circuit consisting of the reactor 
core, heat exchangers, and connecting piping. A mechanical pump is usually proposed, 
although gas and vapor lifts have often been considered. The power that can be removed 
from a reactor cooled by forced convection depends upon the rate at which the fluid can be 
pumped through the core, the heat capacity of the fluid, and the permissible temperature 
rise. The volume of voids present in the core is minimized by pressurizing the system. 

In high-temperature systems where steam is generated in the heat exchanger and passed 
through a turbogenerator to produce power, the steam temperature is significantly below 
the minimum fuel-solution temperature. The increased thermodynamic efficiency of the 
steam cycle with increasing temperature is an incentive to reduce the difference between 
the maximum and minimum fuel-solution temperatures in a system of fixed maximum 
temperature. This reduction can be accomplished by increasing the circulation rate; this, 
in turn, requires larger pumps, piping, and heat exchangers, increases the holdup of re- 
actor fluid in the external system, and increases pumping costs: Optimizing sucha 
reactor-power-plant system entails balancing the costs of equipment, fuel solution, and 
pumping against the increased power-plant efficiency and the value of the electricity pro- 
duced. An optimization of this type was made in ORNL-1096.° For an aqueous homogeneous 
reactor operating with a maximum temperature of 250°C, an optimum steam temperature 
near 200°C was indicated. 

The net efficiency of large nuclear power plants operating at 250°C to produce steam at 
200°C and using forced-convection cooling should be approximately 22 percent. A boiling 
reactor operating with the same maximum temperature but producing steam at a tempera- 
ture of 240°C should have a net efficiency near 25 percent. In systems cooled by flash 
- vaporization, the pumps would consume essentially all the electricity produced. 

Although the boiling reactor has a higher efficiency than a reactor cooled by forced con- 
vection for the same maximum temperature, it appears likely that more heat can be ex- 
tracted from a given reactor volume or from the total volume of fuel solution in a circu- 
lating-fuel reactor. The maximum specific power that can be achieved in a large boiling 
reactor may be 5 kw/l1 or less. An over-all specific power of 15 kw/1 (and perhaps as high 
as 25 kw/1) appears possible in a forced-convection system. 

To achieve a specific power as great as 25 kw/1, the volume of the circulating system 
must be reduced to a minimum, and the equipment arrangement must be compact. Fluid 
velocities through the piping should be in the range of 20 to 30 ft/sec. The effectiveness 
of the heat exchangers must be high. Examples of such exchangers are the Homogeneous 
Reactor Experiment (HRE) exchanger (shown in Fig. 4.7.23) and the 50-mw exchanger 
(shown in Fig. 4.7.4) which is one of several proposals for installation in the proposed 
Homogeneous Reactor at Oak Ridge National Laboratory. In both exchangers, the fuel 
solution flows through the tubes, and steam is produced in the shell. Small tubes are 
used to minimize holdup. The maximum tube diameter considered is % in. OD, and 
significant savings in the required amount of fuel solution may be achieved by reducing 
the tube diameter to */, or '/, in. 

Calculation methods for heat transfer in the 50-mw exchanger have been reported by 
Segaser.’ The over-all heat-transfer coefficient for such an exchanger is about 750 
Btu/(ft?)(hr)(°F), neglecting scaling of the tubes. This may be subdivided into an inside 
convective heat-transfer coefficient of 3000 Btu/(ft?)(hr)(°F), a tube-wall coefficient of 
2000 Btu/(ft?)(hr)(°F) for 16-gauge tubes, and an average boiling heat-transfer coefficient 
of 2000 Btu/(ft?)(hr)(°F). Scaling of the tubes could be expected to reduce the over-all coef- 
ficient to 500 or less, although short-term tests on single tubes have failed to show any 
important reduction in heat-transfer coefficient. 
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Fig. 4.7.4— Proposed Heat Exchanger for Proposed Homogeneous 
Reactor. Submitted by Oak Ridge National Laboratory, Nov. 25, 1952. 
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REMOVAL OF POWER FROM BOILING REACTORS (P. C. Zmola) 


From the power-removal standpoint, the design objective is to permit the greatest vapor 
disengagement from the boiling aqueous solution for a given mean density. 

Vapor disengagement can be accomplished by utilizing the natural rise of the bubbles 
or by providing centrifugal separators. Although natural bubble rise can be conveniently 
employed in small units (high free surface-to-volume ratio), this scheme in large units 
severely restricts the permissible specific power for a given mean density, and separators 
must be provided to obtain a specific power as large as that which appears possible ina 
small reactor. The process-solution holdup in the separator must be a small fraction of 
the total inventory. Centrifugal separators in modern steam generators can produce steam 
of 4 to ve percent moisture at rates corresponding to 1500 kw of heat per square foot of 
horizontal projected drum area at an operating pressure of 1000 to 2400 psia. The severity 
of the vapor disengagement problem increases if foaming occurs. 

The operating mean density in small units is determined by the natural rise velocity of 
the bubbles. In larger units, the radial density difference can establish a convective pat- 
tern which reduces the mean density for a given total power provided that a large fraction 
of the vapor formed can be removed in every circulation pass. Estimates of circulation 
velocities as a function of density decrement from saturated liquid values have been made 
on the basis of a simplified model. !° 

At present the only aqueous homogeneous reactor which has operated under boiling con- 
ditions (Los Alamos Water Boiler) has possessed an unfavorable geometry for steam re- 
lease. Specific power of 0.5 kw/1 was attained at atmospheric pressure, but this should 
not be construed as any general sort of limit. 
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FLASH VAPORIZATION (P. N. Haubenreich) 


The flash-vaporization system shown in Fig. 4.7.5 has been suggested as a means of re- 
moving heat and preventing the formation of gas bubbles and explosive mixtures in homo- 
geneous reactors. In this scheme the pressure on the reactor fuel solution is suddenly 
reduced by an orifice (or some other device) to such an extent that a portion of the fluid 
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Fig. 4.7.5—- Proposed Cycle for Power Generation from Steam Derived by 
Flash Vaporization. Submitted by Oak Ridge National Laboratory, Nov. 25, 1952. 


flashes into steam. This steam is removed, carrying with it essentially all the decomposi- 
tion gases. After passing through a recombiner, the steam is condensed in a heat ex- 
changer which serves as a boiler to provide steam for a turbogenerator through a sec- 
ondary circuit. The fuel solution entering the core is free of gas. The pressure and flow 
rate in the reactors are maintained high enough so that the gas concentration is kept be- 
low saturation there. 

Among the advantages of such a system are the absence of gas bubbles in the core, the 
nonexplosive character of the mixture supplied to the recombiners, and a high heat-transfer 
coefficient in the heat exchanger. Its major disadvantage is the large amount of pump pow- 
er required because of the available energy lost in flashing. The design of a device for re- 
ducing the pressure would also be difficult. 

‘The results of some calculations for such a system are shown in Figs. 4.7.6 and 4.7.7. 
These results are based on the following conditions: 

(1) Heat release in core, 50,000 kw 

(2) Gas evolution rate, 1 molecule/100 ev 

(3) Gas concentration at core outlet, 80 percent of saturation 

(4) Core outlet temperature, 482°F 

(5) Temperature difference in heat exchanger, 20°F 
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Fig. 4.7.6— Pumping Rate, Pressure Drop, and Throttle Temperature vs Core 
Pressure for Flash-vaporization Cycle. Submitted by Oak Ridge National Lab- 
oratory, Nov. 25, 1952. Reprinted from ORNL CF-51-11-28. 
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Fig. 4.7.7—— Power vs Core Pressure for Typical Flash-vaporization Cycle. 
Submitted by Oak Ridge National Laboratory, Nov. 25, 1952. Reprinted from 
ORNL CF-51-11-28. 


The vapor pressure of the solution is assumed to be the same as that of pure water. Solu- 
bility data are based on those in BMI-T-25 and steam-cycle efficiencies on those in ORNL 
CF-51-7-66. Pump-power requirements are calculated on the basis of 10- and 25-psi 
pressure drops across the reactor core. 


GAS HANDLING SYSTEMS 


EXTERNAL RECOMBINERS (J. A. Ransohoff and C. B. Graham) 


The operation of a reactor in which the fuel is an aqueous solution or slurry will result 
in the evolution of gas from two sources. Gaseous fission fragments or their descendants 
contribute a small volume, but a much greater volume is evolved as hydrogen and oxygen 
from the radiolytic dissociation of water in the reactor. The fission products are produced 
in small enough quantities to be adsorbed in a shielded charcoal bed, but to stabilize the 
solution concentration and reduce the total volume of reactor gases, the H, and O, should 
be recombined and the water returned to the system. 

Two aqueous-solution reactors have been built and operated: the Los Alamos water 
boiler and the ORNL Homogeneous Reactor Experiment (HRE). The gas handling problem 
of the latter includes most of the difficulties anticipated in disposing of gaseous products 
of aqueous-solution reactors, and the following discussion is devoted primarily to the 
disposal of gas in that reactor. 
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HRE OFF-GAS SYSTEM 


The HRE is expected to produce 2H} to O, at a rate of about 12 cu ft* (STP)/min when 
the reactor is operating at 1000 kw. The gas formed in the fuel solution at pressures up 
to 1000 psi and temperatures up to 250°C is removed from the solution, reduced to at- 
mospheric pressure, recombined to water, and returned as such to the fuel solution. 

Since the operating level may be set at any fraction of design power for prolonged periods, 
the gas-handling system must accommodate any quantity of gas between 0 and 15 cu ft/min. 
The removal of gas from the fuel solution is facilitated by creating a gas vortex along 

the vertical diameter of the core. A simplified diagram of the HRE off-gas system is 
shown in Fig. 4.7.8. The 75 liters of fuel solution in the high-pressure system are circu- 
lated at a rate of 100 gal/min by a canned-rotor centrifugal pump (1). The liquid flows 
from the core (2) through the second of three concentric pipes stemming from the top (3) 
and is pumped through a heat exchanger back into the core tangentially at (4). The fluid in 
the core therefore rotates rapidly. The gas-liquid density difference causes the gas to 
separate from the liquid and establish a vortex along the axis of the resulting centrifugal 
force field (5). The gas in the vortex, along with a considerable quantity of liquid, flows 
through the innermost of the three concentric pipes (6), through a double-pipe heat ex- 
changer (7) to a valve (8) which throttles the stream to atmospheric pressure. Fuel solu- 
tion is continually pumped by a pulsafeeder (10) from the dump tanks (9) through the inner 
pipe of the double-pipe heat exchanger (7) into the core to replace the gas-liquid mixture 
which is let down from the high-pressure system into the dump tanks. 

The line from the let-down valve connects into the vapor space at the top of the dump 
tanks. Most of the liquid in the stream drops into the dump tanks, but some is flashed with 
the gas which goes to the recombiner system. The amount of steam flashed at this point 
varies from 5 to 50 percent of the total gas flow, depending on the gas-liquid ratio in the 
let-down stream, the core temperature, the pumping rate, and other factors. An evaporator 
(12) in the dump tanks adds up to 40 scfm of steam to the gas to make the mixture flowing 
from the dump tanks to the recombiner system nonexplosive.'!»!2 The steam is condensed 
from the gas in a large fore condenser (13); this returns the mixture to combustible form. 
The condensate is either returned by gravity to the dump tanks or is collected in con- 
densate weigh tanks if it is desirable to concentrate the fuel solution. 


Flame Recombiner 


The gas flows from the condenser to the flame recombiner (14) where the H, and O, are 
burned to water. The flame is established at a many-holed nozzle upon which a spark 
impinges from one of two spark plugs located along the periphery of the nozzle, Fig. 4.7.9. 
The spark impluse is produced by a magneto with an ignition transformer on standby. The 
combustion chamber is a 3'/-ft length of 10-in. pipe, jacketed by a 12-in. pipe through 
which cooling water is circulated. The cooling water removes 70 to 80 percent of the heat 
of combustion even at high gas flows.'* With combustible gas flows of 15 scfm, for instance, 
the temperature at the downstream end of the flame recombiner did not exceed 600°C, and 
70 percent of the heat of combustion was recovered in the jacket of the flame recombiner. 
The additional heat was recovered in the after condenser (16). The gases remaining after 
combustion [fission products plus the 1200 cc/min of excess O, which is continuously 
added to the system at (11)] are adsorbed in a charcoal bed after being stripped of all 


* Operation of the HRE at the design power of 1000 kw yielded 10 scfm of 2H, + O, per megawatt of 
reactor power. On March 18, 1953, the reactor was operated at 1500 kw long enough to observe the 
recombiner system in operation at its rated load. It was able to handle the 15 cfm of 2H, + O, pro- 
duced at that power; however, the temperature at the bottom of the flame recombiner reached 620°C 
during the operation, and it is questionable whether the system should be submitted to higher loads. 
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Fig. 4.7.8— Simplified Flow Diagram for HRE Off-gas System. Submitted by 
Oak Ridge National Laboratory, Nov. 25, 1952. 
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their water vapor in cold traps (17); the condensed products of combustion are returned 
to the dump tanks by gravity. 

The flow area of the nozzle consists of 147 holes 1%, in. in diameter, the total cross 
section of which is 0.112 sq. in. When the flow rate is 30 cu ft/min, the velocity through 
the nozzle is 640 ft/sec, and the pressure drop through the nozzle approaches the 11-ft 
(water) head by which water is returned from the recombiner to the dump tanks. At flows 
of less than 3 scfm, the pressure drop through the nozzle is so low that the flame burns 
too closely to the tip, the nozzle overheats, and flashbacks result. 


Flashbacks 


To prevent flashbacks, a steamer pot (18) adds 2 to 3 scfm of steam to the gas stream 
flowing from the fore condenser to the flame recombiner. This serves both to cool the 
flame by diluting it and to provide the minimum flow necessary to keep the flame from 
burning directly on the nozzle. At extremely low flows (less than 5, scfm), the spark must 
operate at all times to ensure constant burning of the extremely dilute gas. 

Flashbacks originating in the recombiner system create peak pressures of from 100 to 
400 psi, depending on the starting pressure and the mechanism of the reaction." Such re- 
actions will be quenched in the gas line between the dump tanks and the fore condenser if 
the gas in the line contains more than 70 percent steam. There is, of course, a possibility 
that the process-solution evaporator (12) may fail or be shut off for some reason, or that 
gas flows greater than those expected will have to be handled. It was feared that if the 
mixture in the off-gas line were combustible, an explosion originating in one of the re- 
combiners might travel back through the off-gas line to the dump tanks and thence through 
the let-down valve into the high-pressure system. Tests of the recombiner while installed 
in the HRE indicate that this will not occur with the reactor operating at 1000 psi and 
250°C and a pulsafeeder pumping rate of 1 gpm. 

Following a flashback, a flame could be established in the fore-condenser where the gas 
is combustible. In such a situation, if the cooling water to the condenser is turned off for 
a few moments, the noncombustible front will move forward and should force the flame 
back to the nozzle where it may become reestablished in the presence of a spark. To pro- 
tect the condenser, however, it is advisable to reduce the power level of the reactor toa 
point where less than one scfm of gas is being produced. 


Catalytic Recombiner 


At extremely low power levels (less than 20 kw), operation of the flame recombiner is 
inconsistent, and over-all recombiner operations are usually improved if the spark is shut 
off and the gas-steam mixture is allowed to flow into the catalytic recombiner (15) where 
the reaction of hydrogen and oxygen is catalysed by platinum. The catalytic recombiner 
is shown in Fig. 4.7.10. The thin layer of platinum metal used as catalyst is supported by 
1/,-in. alumina pellets which offer extremely high surface area per unit volume. The per- 
missible space velocity for 99.9 percent conversion through a bed of \,-in. alumina pellets 
is more than 3 x 10° hr~'; the 5'/-in. length of 3-in. pipe used in the HRE is thus only 
partially used in recombining the Y, scfm of gas, the maximum load anticipated during 
operation of the reactor.® Local overheating will occur in the catalyst bed, and unless 
the gases are diluted below the explosive limit, backflashes will result.'! Since most of 
the steam that flows with the combustible gas through the flame recombiner nozzle is con- 
densed on the cold walls of the recombiner chamber, another steamer pot (19) was placed 
between the flame recombiner and catalytic recombiner to dilute the combustible gas. This 
pot operates continuously, and at full load (about 3 scfm), it produces enough diluent to pre- 
vent flashbacks from the catalyst for all combustible-gas flows up to ye scfm. 
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Fig. 4.7.10—-Low-pressure Catalytic Recombiner for Fuel Circuit in Homo- 


geneous Reactor Experiment. Submitted by Oak Ridge National Laboratory, 
Nov, 25, 1952. 
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The catalyst may be poisoned by films of either water or iodine. Water poisoning is 
avoided by jacketing the recombiner with steam, which serves to Keep the catalyst dry at 
all times. Since iodine is one of the more predominant fission products, iodine poisoning 
is possible unless the recombiner is heated occasionally to 400°C to volatilize the iodine.® 
This can be done either by the heat from the catalytic reaction of the combustible gases or 
by the heat produced in burning the gases, which is carried over into the catalyst bed at 
high gas-flow rates. 


Plans for future reactors indicate that it might be desirable to recombine the gases at 
high pressure rather than either at atmospheric pressure, as is now done in the HRE, or 
at reduced pressure as is done in the water boiler.'® At high pressures, however, the con- 
sequences of an explosion would be quite severe, and it is highly desirable that a noncom- 
bustible mixture exist at all times. Since a flame recombiner can of course not operate 
with a non-combustible gas mixture, a high-pressure flame recombiner can not be con- 
sidered, and accordingly, all development work after satisfactory operation of the HRE 
flame recombiner was achieved has been directed toward determining the reaction con- 
trolling mechanism on platinum as the first step toward designing a high-pressure catalytic 
recombiner. !7>18 


One high-pressure catalytic recombiner has already been operated satisfactorily. In 
the reflector system of the HRE, the formation of approximately 7 scfm of gas is expected 
as a result of radiation when the reactor is operating at 1000 kw. The gas space of the re- 
flector vessel is filled with He gas which is circulated through a high-pressure catalytic 
recombiner that is similar to the low-pressure recombiner described above. The He 
serves as a diluent for the decomposed gas, and the gas mixture is pulled through the 
catalyst bed by a liquid jet at a rate of more than 5 scfm; this ensures a combustible-gas 
composition of less than 5 percent in the gas stream. The recombiner has been operated 
several times with a reflector pressure of 600 psi and a temperature of 200°C while ap- 
proximately '4, scfm of stoichiometric gas was added to the system. The recombiner is 
heated with 220-psi steam to keep the catalyst dry, since the partial pressure of water 
vapor at 200°C (reflector temperature) is about 200 psi. 

A similar catalytic recombiner is also used in the low-pressure reflector system of 
the HRE to recombine any dissociated gas admitted to that part of the system when the 
reflector is dumped. 


GAS PRODUCTION 


Chapter 4.3 has described the effects of fission fragments upon the decomposition of 
water to hydrogen and oxygen. Values of G (the molecules of hydrogen produced per 100 ev 
of energy absorbed by the solution) have been presented for a variety of fissionable species 
at different concentrations, temperatures, enrichments, and the like. For convenience, the 
gas production in a reactor solution may be calculated from the simple equation: 


K= 0.312 x G x PD (9) 


where K = moles hydrogen per liter per hour 
PD = the power density of the reactor in kilowatts per liter 


This equation may easily be derived from a more comprehensive expression given in 
ORNL-1280.'° 
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SPECIAL EQUIPMENT DESIGN 


PUMPS 


ROTARY PUMPS (W. L. Ross, R. J. Kedl, and C. B. Graham) 


Five-gpm Allis-Chalmers Pump 


A small, canned-rotor, 3600-rpm, 60-cycle, 110-v pump has been developed by the 
Allis-Chalmers Mfg. Co. for applications where leakage cannot be tolerated. The unit, 
shown in Figs. 4.7.11 and 4.7.12. can be produced at a relatively low cost. 
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Fig. 4.7.11—Allis-Chalmers 5-gpm Enclosed-rotor Pump. Submitted by Oak 
Ridge National Laboratory, Nov. 25, 1952. Allis-Chalmers Photo No. 164399. 
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The pump is rated at 5 gpm of water against a 35-ft head, but higher flows and heads 
can be obtained (up to 18 gpm x 40) as shown in the characteristic curves, Fig. 4.7.13. 
Suction pressures up to 2000 psi and temperatures up to 500°F may be used; special stator 
windings would permit higher temperatures. All wetted parts of the pump are made of 
type 347 stainless steel, and provisions have been made to permit a welded closure, if 
one is desired. Some of the wearing parts have been chrome-plated, but this is believed 


to be unnecessary. 


SCHEELE 

30 —J 12, 
LE ee 
z “ S 
; jibe tT Ls 
O 15 E A 6° 
: Car LLL 
= 

0) 0 


O 2 4 14 I6 is 
CAF PACITY, — 


Fig. 4.7.13——Characteristic Curves for Allis-Chalmers 5-gpm Enclosed- 
rotor Pump. Submitted by Oak Ridge National Laboratory, Nov. 25, 1952. 


Figure 4.7.14 shows a section through the pump. The hydrostatic-type bearings are 
supplied with liquid from the discharge chamber as shown by the arrows. This liquid 
flows through the hollow, stationary, bearing shaft and then through orifices into the radial 
bearing cavities. As the liquid leaves the bearings it flows through various passages back 
to the pump suction. Thrust loads are carried by hydrostatic bearings which are incorpo- 
rated into the impeller shrouds, as shown. Thus the rotating, rotor-impeller assembly 
“floats” on a liquid pad, without mechanical contact, during operation. 


Model 100 and 100A Westinghouse Pumps 


This pump was initially developed by the Westinghouse Electric Corporation. As shown 
in Fig. 4.7.15, it is a totally enclosed type in which the oil-cooled stator is jacketed with a 
0.040-in. sheet of Inconel and the rotor is jacketed with a 0.014-in. sheet of stainless steel. 
This design eliminates packing and thus avoids the leakage problem. It also permits water 
to be injected into the motor and bearing chamber; by continuously flushing water through 
the labyrinth, all abrasives or corrosive material in the fluid being pumped will be kept 
out of this chamber. The maximum operating pressure-temperature combination of this 
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pump is 2000 psi at 600°F. Figure 4.7.16 shows a plot of the discharge pressure vs capac- 
ity for this pump. The materials of construction in the standard pump which are in con- 
tact with the fluid circuit are: 


Casing and impeller Type 347 stainless steel . 
‘Shaft Squirrel-cage type; copper bars in a soft iron core with 
a can of 347 stainless steel welded over the assembly 
Stator jacket Inconel, wrought 
Bearings Carbon graphite 
Journal bushings Titanium carbide, Model 100A 
Chrome-plated, Model 100 
Labyrinth disks Nickel 


There are two models of this pump, Model 100 and Model 100A, differing principally in 
bearing design. The former has a chrome-plated journal 1 by 14, in. with the rear bearing 
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Fig. 4.7.16—Discharge Pressure-capacity Relation for Westinghouse Model 
100-A Enclosed-rotor Pump. Submitted by Oak Ridge National Laboratory, 
Nov. 25, 1952. 


mounted on the motor end plate; the latter has a titanium carbide journal 1'/ by 2 in., with 
a removable rear bearing mount. Several smaller (approximately 30-gpm) pumps have 
been built. 


20,000-gpm Allis-Chalmers Pump 


This pump is to be designed and built by the Allis-Chalmers company. Although con- 
struction has not yet started, the design is far enough along so that no major changes are 
anticipated. Specifications call for 20,000 gpm, 160-ft head, 1000-psi suction pressure, 
and stainless-steel construction. 
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The pump is a canned-rotor, totally enclosed type which employs a metallic diaphragm 
to seal the motor stator from the high-pressure fluid. The canned rotor, which includes a 
metal sealed armature, rotates submerged in the high-pressure fluid. The fluid fills the 
space between the rotor and stator in what would normally be the air-gap in a standard 
motor. Pump bearings to support and align the rotating parts are of a hydraulic-pres- 
surized, fluid-piston (hydrostatic) type which utilizes either an auxiliary impeller attached 
to the rotating shaft (Fig. 4.7.17) or an external source to supply pressurized water to 
two radial bearings and one thrust bearing, the thrust bearing being able to take loads in 
two directions. 

The pump will be mounted in a vertical position with the impeller at the bottom. The 
fluid-filled motor-bearing chamber will be separated from the impeller and volute by 
means of a close-clearance labyrinth. By injecting uncontaminated water into the motor- 
bearing chamber and continuously flushing it through the labyrinth into the volute, the 
corrosion on the motor and bearing parts should be reduced considerably. This auxiliary 
flow also keeps radioactive material from getting into the motor-bearing chamber, thus 
reducing irradiation of the electrical insulation. The flush volume is small enough to make 
dilution of the pumped fluid insignificant (in the order of 1 gpm flowing into a 20,000-gpm 
stream). The present design for the pump provides a cooler to keep the bearing water and 
motor-chamber water at less than 150°F. 

The pump power will be supplied by a 440-volt, 6-pole (1200-rpm synchronous speed) 
induction motor. The stator, which is sealed from the high-pressure fluid by a metal 
diaphragm, has hollow conductors. Motor cooling water will flow through the hollow chan- 
nels in the conductors and remove the heat developed in them. In the stator, the conductors 
are the major source of heat, and the motor cooling water will remove the heat close to its 
source; therefore, the conductor insulation will not be subjected to high temperatures. 

The pump is so constructed that when the top flange is unbolted, the entire inside of the 
pump can be lifted out, leaving only the high-pressure casing in the pipe line. The stator 
or upper bearing may be replaced separately if desired. The induced radioactivity is low 
at the upper end of the pumps, and this replacement of the parts is expected to be relative- 
ly easy. 

The principal characteristics of the pump are listed in Table 4.7.2. 


POSITIVE DISPLACEMENT PUMPS (WJ. S. Culver, C. B. Graham) 


The pulsafeeder pump, manufactured by the Lapp Insulator Co., Inc., consists essentially 
of a diaphragm and check valves actuated by a reciprocating oil pump. It is used for pump- 
ing small volumes (1 or 2 gpm) against high pressure (1000 psi). Its design offers several 
advantages to the HRE: 

(1) It is relatively simple and inexpensive. 

(2) The diaphragms are within the shield, thereby isolating the radioactive fuel. As there 
are two diaphragms, a rupture would not allow any radioactive material to escape from the 
shield. 

(3) The operating mechanism is outside the shield and easily accessible. There are no 
mechanical parts within the shield other than the diaphragms and check valves. 

Each diaphragm is contained in a head assembly consisting of two machined flanges, 
between which the diaphragm is seal-welded, and a hoop into which the diaphragm and 
flanges are strength-welded. The faces of the flanges are contoured so that stress through- 
out a diaphragm will be essentially uniform when it is flush against the flange face. The 
maximum calculated stress in the diaphragm is 20,000 psi, permitting long-term operation 
without fatigue failure. The present design will withstand static pressures up to 5000 psi. 

As shown in Fig. 4.7.18, the pump operates in the following manner: on the suction stroke 
of the oil pump, the intake ball-check valve opens, allowing the liquid being pumped to enter 
the pumping head at atmospheric pressure. As the oil piston reverses, the intake check 
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Fig. 4.7.17 —Proposed Allis-Chalmers 20,000-gpm Enclosed-rotor Pump. Sub- 


mitted by Oak Ridge National Laboratory, 
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Table 4.7.2——Characteristics of Allis-Chalmers 20,000-gpm Pump 


Pumps liquid at 250°C 
Specific gravity, 1.1—1.5 
Static pressure, 1000 psi 
Head, 160 ft 

Power, 1200 hp (900 kw) 
Net eff., ~78% 

Weight, ~8 tons 

Speed, 1200 rpm 


valve seats, and the liquids in the connecting lines are compressed until the pressure in 
the system exceeds the pressure above the discharge ball-check valve, opening it and 
allowing the fluid to flow out. 

The vacuum relief valve and pressure relief valve on the oil pump are essential to the 
operation of the pulsafeeder. If the pressure in the system exceeds the setting on the 
pressure relief valve, which happens when either of the diaphragms “bottoms” against 
the flange before the piston reverses, this valve opens, and oil flows out of the oil leg 
of the system until the piston reverses. If either of the diaphragms bottoms before the 
piston completes its suction stroke, the vacuum relief valve opens, allowing oil to re- 
enter the oil leg of the pulsafeeder system. 

Pulsafeeders are used for supply pumps in both the fuel and reflector systems of the 


HRE. The intermediate fluid in the fuel system is water, but an insoluble fluorocarbon is 
used in the reflector system, since water would be too difficult to separate from D,O in 


the event of a diaphragm rupture. Suction pressure is approximately atmospheric and 


discharge pressure is 1000 psi. The pressure relief setting is maintained at 1200 psi, and 
the vacuum relief setting is 10 in. of Hg below atmospheric. The normal output is 1 gpm 


at 50 rpm, but this may be varied as much as 50 percent of normal by varying the speed 
of the oil pump. The parts of the system coming in contact with corrosive liquid are con- 
structed from type 347 stainless steel, and the ball-check valves are fabricated from 
Stellite, which is resistant to both physical wear and corrosion. 


VALVES (W. L. Ross, C. D. Zerby, P. N. Stevens, and C. B. Graham) 


Several corrosion- and radiation-resistant valves were required for the HRE. Trouble- 
free, leakproof construction was essential because of the value and radioactivity of the 
fluids. Most of the valves used were of '/ in. nominal size purchased from the Fulton 
Sylphon Company (Fig. 4.7.19). Larger valves and valves for throttling service were 
purchased from Belfield (Figs. 4.7.20 and 4.7.21). 

All valves were sealed by a welded-in, 1000-psi, stainless-steel bellows which was 
backed up by a packing gland. They were mounted in the system with the bellows on the 
low-pressure side of the seat so that under normal operating conditions the bellows is 
exposed only to essentially atmospheric pressure. The back-up gland was packed with 
hydrocarbon-free, graphited asbestos because this material is known to stand up well 
under radiation. 

Pneumatic operators were used on all valves, and in regions of high radiation, all- 
metal construction was used (Fig. 4.7.19). Large valves were operated by neoprene 
diaphragms located several feet from the valve body and connected to it by a long stem 
extension. 

Stellite plugs and seats were used throughout, and these were lapped to an essentially 
leakfree closure. A maximum leakage rate of 1 cc of water per day was achieved with 
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Fig. 4.7.19-—Fulton-Sylphon One-half-inch Valve with Bellows Valve Operator, 
Submitted by Oak Ridge National Laboratory, Nov. 25, 1952. 
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Fig. 4.7.20 — Modified Belfield Valve with Bellows Valve Operator. Submitted 
by Oak Ridge National Laboratory, Nov..25, 1952. 
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Fig. 4.7.21—-Belfield Two-inch, Single-seat Angle Valve. Submitted by Oak 
Ridge National Laboratory, Nov. 25, 1952. 
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1000-psi pressure drop across the valve. The valve design shown in Fig. 4.7.19 allows 
the plug to align itself with the seat and avoids distortion of the parts when welding in the 
bellows and when welding the valve into the piping system. 


HEAT EXCHANGERS (L. F. Goode) 


The main heat exchanger of the HRE provides heat-transfer surface for removing the 
energy released in the reactor core. The heat is then used to generate steam which in 
turn is utilized to drive a turbogenerator set. The exchanger is a shell- and U-tube-type 
steam generator (Fig. 4.7.22) designed to produce 3025 lb/hr of 200-psia saturated steam 
at a heat load of 1000 kw. The reactor solution is passed through ‘/-in. tubes at an average 
velocity of 15.8 ft/sec in order to provide high heat flux with minimum liquid holdup. 

The rate of heat exchange is regulated by varying the steam flow; the steam pressure 
at a reactor power of 200 kw is 315 psia, whereas at 1000 kw, the pressure is reduced to 
200 psia. 

An all-welded construction is used on components exposed to the reactor solution. Spe- 
cial low-holdup headers are provided, and pockets have been avoided in order to facilitate 
decontamination. The heat exchanger has been provided with a double tube-sheet, the tubes 
being rolled to the inner sheet and welded to the outer sheet. The space between the sheets 
serves as a leak detection device. 

The feedwater heater is contained in the space above the tube bundle, the feedwater being 
distributed by means of a '4-in.-OD perforated pipe placed in the bottom of the exchanger 
and connected to the feedwater heater. Design information for the exchanger is summarized 
in Table 4.7.3. 


REMOTE HANDLING OF EQUIPMENT IN HOMOGENEOUS REACTORS (S. E. Beall) 


The problem of remote maintenance in homogeneous reactor systems is more difficult 
than in heterogeneous reactors because the fission-product activity of liquid fuels is not 
confined to a package. In a homogeneous system, one is faced with the contamination 
problem of chemical purification systems in addition to the induced activity problems of 
solid-fuel reactors. It is logical, then, in planning remote operations on homogeneous re- 
actor equipment to borrow from the experience accumulated in maintaining chemical sepa- 
rations plants and reactors. 


EQUIPMENT DESIGN CONSIDERATIONS 


The major problem in maintaining and repairing any highly radioactive equipment, of 
course, is that of preventing excessive radiation exposure to personnel. In order to ac- 
complish this, it is often necessary that extreme measures be taken to (1) reduce neutron 
activations by shielding the equipment, (2) thoroughly decontaminate fuel containers, and 
(3) provide adequate shielding for operating personnel. | 


Reduction of Neutron Activations 


The activation of construction materials in homogeneous reactor systems is a result of 
(a) neutron emission inside the fuel container (prompt neutrons in the reactor vessel and 
delayed neutrons in attached equipment) and (b) neutron leakage from the reactor to ex- 
ternal equipment. 

It is unlikely that much can be done to prevent emission from fuel and fission gases 
being circulated in equipment attached to the reactor, although the resultant activities can 
be kept to a minimum by the proper selection of low-cross-section materials. It is not 
impossible that an element such as boron, which has both a large cross section for neutron 
capture and relatively weak radiation following capture, could be incorporated into the 
material of construction to compete for the delayed neutrons in external equipment. In the 
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Table 4.7.3—Design Data for HRE Main Heat Exchanger* 


Full load conditions 


Heat load 1000 kw 
Over-all heat-transfer coefficient (U) 635 Btu/ (thr) (ft?) (*F) 
Total process-solution holdup 5.5 | 
Average process-solution velocity through tubes 15.8 ft/sec 
Process-solution flow through tubes 100 gpm 
Operating steam 200 psia (sat) 
Process-solution conditionst T,, = 482°F P;, = 1000 psi 
T out = 407°F P our = 975 psi 
Tubes 
Number of U-tubes 112 
Tube OD ¥, in. 
Tube thickness , 18 BWG 
Tube length, ave. 123.8 in. 
Total heat-transfer area based on tube OD 75.5 ft? 
Tube material] 347 stainless-steel seamless tubing, as 
per ASTM A-213-46 
Shell 
Material ASTM-A212 Gr B 
Over-all length ~6 ft 11'/ in. 
Shell diameter 28 in. 
Shell thickness, radial ¥, in. 
Shell thickness, end 0.9 in. min. 


Design pressures 
Tube side 2000 psig 
Shell side 600 psig 


Test pressures 


Tube side 4000 psig 
Shell side 1200 psig 


* The heat exchanger was fabricated by the A. O. Smith Corporation of Milwaukee as per 
their following drawings: Steam generator —MV-7304 (1 of 3 sheets) -ORNL-E-9584; steam 
generator —MV-7314 (2 of 3 sheets) —-ORNL-E-9585; steam generator —MV-7314 (3 of 3 
sheets) -ORNL-E-9586 
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case of double-walled vessels, e.g., heat exchangers, a neutron absorber between the walls 
would reduce the activity of the outer wall. 


Decontamination of Equipment 


The fission-product activity of a 40 gm/1 enriched uranium solution will approach 30 
curies/ml after long operation in 10'* neutron flux. It is obviously desirable that surfaces 
contacted by such solutions be cleaned before attempting repairs. Where the inner sur- 
faces of piping and equipment are smooth and without scale, ordinary decontamination 
treatment with citric, nitric, or other acids is satisfactory for decontamination factors of 
10‘ or 10°. In systems such as the HRE, in which corrosion resistance depends on the ex- 
istence of a protective oxide coating on the metal surface, it is very difficult to remove 
activity held by the fifm. Decontamination factors of 10? or 10° can be achieved with normal 
agents. Solutions such as 4-percent HCl, 10-percent H,SO, by volume at 150°F give better 
decontamination at the risk of high corrosion rates. No completely satisfactory agent has 
yet been reported. Another possible difficulty in welded systems is incomplete penetration 
of welds, leaving cracks which are difficult to clean. All joints in any liquid fuel system 
should be carefully inspected to be certain of smooth surfaces. 


Shielding for Operating Personnel 


Assuming that all reasonable steps have been taken to prevent neutron activation of ma- 
terials and to remove contamination, if the 8, » activity of equipment is still intolerable, 
personnel shielding must be provided. Such shielding may be constructed as high-density 
solid materials, or the equipment may be so designed that it can be flooded with water. In 
either case it is necessary that remote handling devices penetrate the shield to perform 
the necessary operations; the advantages of a liquid shield for equipment in compartments 
are numerous. 

One has the choice of either shielding the equipment pieces or providing a mobile shield 
for the operator. For large equipment groupings, a shielded crane cab for the operator, 
with electrically-driven wrenches and lifting devices, proved satisfactory in the original 
Hanford chemical separations plants. With smaller and less equipment in such an instal- 
lation as the HRE, it is more economical to erect temporary shields for a particular job 
and to provide hand-operated tools. 


TOOLS FOR REMOTE MAINTENANCE 


In the design of any equipment for remote maintenance, much can be done to simplify 
the tools and procedures required to effect a repair. Proper spacing and arrangement of 
equipment is extremely important. Crowded cells and insufficient working space make a 
simple operation difficult. Bolts on flanges and joints should be large (not less than 1 in.), 
of the same size throughout if possible, and placed so that they can be easily reached. For 
instance, if the work is to be done from above, all bolts should be vertical. Electrical and 
instrument lines should be provided with easily detachable connectors. All removable 
pieces should be equipped with lifting eyes or yokes, properly located with respect to the 
center of gravity. 

The types of equipment in the homogeneous reactor which are expected to require re- 
mote maintenance are the 100 gal/min fuel-circulating pump, the 1 gal/min feed pump, 
control-rod mechanisms, and valves. Each of these items is provided with bolted flanges. 
A typical procedure for replacement of an item would be as follows: 

(1) Drain fuel solution to storage tanks; rinse and decontaminate fuel system. 

(2) Arrange shielding plugs to provide an opening through which tools can be handled. 

(3) Erect temporary shielding of concrete block. 

(4) Install periscope in shielding plug close to equipment to be handled. 

(5) Disconnect flange with hand- or air-operated wrench with handles extended through 
shield. 
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(6) Attach lifting device to equipment. 

(7) With building hoist, lift equipment piece into a separate shield. Provide a “shadow” 
shield for the hoist operator if necessary. 

(8) Lower new part into position and reconnect flanges with extension handle wrenches. 

A group of simple tools which might be needed for such an operation is pictured in 
Fig. 4.7.23. Tools A, B, and G are for lifting. Tool C is a knife for removing insulation. 
A long-handled socket wrench is shown at D. Items E and I are special tools for removing 
small parts of the control-rod mechanisms. The tool shown at F is a guide pin to aid in 
aligning flanges. A right-angle drive for starting nuts on horizontal flanges is pictured in 
position H, and the large air-operated wrench for tightening nuts is shown in position J. 


SAMPLING EQUIPMENT (C. L. Segaser) 


Operation of an aqueous homogeneous reactor, like the operation of any chemical process, 
requires that numerous samples be taken in maintaining control of the chemical system. In 
the case of the HRE at ORNL, equipment is provided for sampling the high-pressure re- 
actor fluid, the D,O reflector, and the off gases from the reactor and reflector. Because 
of the radioactivity associated with the fluids, standard sampling equipment must be modi- 
fied, or entirely new apparatus must be devised for taking the samples. Examples of sam- 
ling equipment presented here were designed for use on the HRE. 


HIGH-PRESSURE FUEL SOLUTION SAMPLING APPARATUS 


It is necessary to take an 0.5 to 1.0 ml sample of fuel solution from the HRE for deter- 
mination of total uranium, tetravalent uranium, pH, nickel, suspended solids, and fission- 
product contents.”° The solution to be sampled is at a temperature of 250°C and a pressure 
of 1000 psi, and contains 40 gm U/1 of UO,SO,-H,O solution. The £ and y activity level of 
the solution is estimated to be 30 curies/ml, and delayed neutrons are emitted at a rate of 
3.3 x 10° neutrons/(ml)(sec). 

Figure 4.7.24 shows the sampling apparatus. It consists of a 30-ml isolation chamber 
(Item 4) connected into the main circulating stream through several valves in series 
(Items 1 to 6), equipment to remove the top from the isolation chamber and to pipet a 
sample. Lights, a mirror, and other auxiliaries required in carrying out the sampling 
operation are also provided as shown in Fig. 4.7.24. The equipment is housed in a stainless- 
steel box suspended within the concrete shielding structure. A 12-in.-thick plug, filled 
with lead and water, protects the operator. During some parts of the operation, the box can 
be flooded with water to reduce the neutron dosage to a tolerable level. 

The procedure for extracting a sample of fuel solution is described briefly as follows: 

A new ball, for sealing the isolation chamber, and a new pipet are placed in the sampler 
chuck, and the assembly is installed in the sample carrier. The sample carrier is then 
lowered through a hole in the inner carrier shield and into the sampler through the charging 
port in the shielding plug. 

By opening valves 1 to 6, process solution is circulated through the isolation chamber. 
The valves are closed to isolate the sample, the sample is thermally cooled, and the non- 
condensable gases are vented through the line to the dump tanks. 

The cover on the isolation chamber is removed, and the sample extracted in the pipet 
using the manipulator. Because the manipulator operates only in a vertical position di- 
rectly above the isolation chamber, an indexing table is provided which rotates under the 
manipulator and charging port to hold the cover from the isolation chamber and to deliver 
the pipet. 

The pipet is returned to the sample carrier. The new ball is inserted in the cover of the 
isolation chamber, and the cover is screwed onto the chamber to reseal the system. The 
sample carrier is removed from the sampler through the charging port and transported to 
the analytical laboratory in a shielded container. 
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Fig. 4.7.23—-HRE Remote Handling Tools. Submitted by Oak Ridge National Laboratory, Nov. 25, 1952. Re- 


printed from ORNL 52-6-160. 
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Fig. 4.7.24——HRE Fuel Sampler and Manipulator. Submitted by Oak Ridge 


National Laboratory, Nov. 25, 1952. Reprinted from ORNL 52-6-160. 
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ANALYTICAL LABORATORY HANDLING APPARATUS 


An apparatus (Fig. 4.7.25) similar to the sampler has been developed for handling the 
radioactive fuel-solution samples in the analytical laboratory. Solutions are transported 
into the laboratory in a shielded carrier on a standard lift dolly. The carrier is placed 
under the bench shield in line with the unloading port. A handling tool is inserted through 
the upper loading tube, the auxiliary shielding block is removed, and connection is made to 
the exposed upper end of the sample carrier. The lead brick is then replaced, and the sam- 
ple carrier is drawn up into the shielded cavity where it is transferred to the appropriate 
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Fig. 4.7.25—Fuel Sampler for Use in Chemical Laboratory. Submitted by Oak 
Ridge National Laboratory, Nov. 25, 1952. Reprinted from ORNL-1318. 
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receptacle in the turntable. The sample carrier may then be manipulated by the devices 
provided for this purpose, the sample removed, and aliquots taken for analysis. 


REFLECTOR SAMPLING APPARATUS 


Sampling of the D,O reflector of the HRE is required for determination of pH, D,O-to- 
H,O ratio, corrosion inhibitor and corrosion product content, and possible uranium content 
resulting from leakage into the reflector. The reflector contains some radioactivity, but 
the level is low compared with that in the fuel solution; so the equipment is less compli- 
cated. 

Figure 4.7.26 is a flow diagram which shows how the sampler is installed in a bypass 
line in the reflector pumping system. A sample carrier having a capacity of 10 ml is 
shown in Fig. 4.7.27. The carrier is installed in the bypass line using Hansen quick- 
disconnect couplings with integral check valves which close to prevent atmospheric con- 
tamination of the reflector and sample when the coupling halves are separated. 

An alternate sampling device is shown in Fig. 4.7.28. D,O would be circulated through 
the chamber and a sample would be taken by inserting the needle into the bottle and pushing 
the needle assembly down to open the valve. 


GAS-SAMPLING APPARATUS 


Stations are provided on the HRE to obtain samples of gas from the fuel-solution system, 
the waste evaporator system, and the helium pressurizing system. The proposed apparatus 
and procedures for obtaining a sample from any of these systems are similar. Figure 
4.7.29 is a schematic diagram of the method whereby a sample of gas from the high- 
pressure helium system is obtained. Two possible types of sample carriers are shown 
in Fig. 4.7.30. 

The connection of the sampler with the helium system is made through Hansen couplings 
similar to those in the D,O sampling system. The valved socket provides an additional 
block against leakage. After the sampler is coupled into the system, it is purged by opening 
the isolation valves and allowing the helium to flow through the sample carrier into the 
dump tanks. Upon completion of the purge, the downstream side of the carrier is valved 
off and the sample brought up to the required pressure. All valves are then closed, and 
the carrier is removed. 


INSTRUMENTATION (W. M. Breazeale) 


Instrumentation of aqueous homogeneous reactors is strongly affected by the fact that 
the reactivities of these reactors have a large negative temperature coefficient. This co- 
efficient acts to stabilize the reactor and is also an inherent safety feature. As a result, 
the requirements which the safety circuits must meet are less stringent than those for 
heterogeneous, fixed fuel reactors. On the other hand, because a highly corrosive and 
radioactive liquid must be handled, the process instrumentation is somewhat more com- 
plex. This discussion can perhaps proceed best by outlining the main features of instru- 
mentation of the Los Alamos “Water Boiler” and the Oak Ridge HRE. 


INSTRUMENTATION OF THE WATER BOILER 


The Water Boiler”! is used as a source of neutrons for experimental work, and hence 
the flux variation with time should preferably be as small as possible. To this end, a 
standard automatic servo system is used to regulate the flux level to +0.1 percent. The 
process solution normally remains in the core at all times, and the reactor is shut down 
by dropping the absorbing rods. Electronic tube amplifiers and circuits are used as 
sparingly as possible; wherever practical, Weston Sensitrols, operated directly by the 
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Fig. 4.7.26——D,O Sampler in HRE Reflector System. Submitted by Oak Ridge 
National Laboratory, Nov. 25, 1952. Reprinted from ORNL 52-6-160. 
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Fig. 4.7.29—Sampler for High-pressure Helium in HRE Pressurizing System. 
Submitted by Oak Ridge National Laboratory, Nov. 25, 1952. Reprinted from 
ORNL 52-6-160. 
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Fig. 4.7.30—Carriers for Samples from High-pressure Helium System of HRE. 
Submitted by Oak Ridge National Laboratory, Nov. 25, 1952. Reprinted from 
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current from ion chambers, are used as safeties. However, for fast safeties, a hard vac- 
uum tube circuit is necessary. | 

Nuclear control is accomplished with the aid of five vertical absorbing rods. Three of 
these are cadmium strips 2'4 by 30 by ‘4, in. which move tangentially to the outside of the 
core and are worth 0.9 percent each in reactivity. The other two are internal rods cadmi- 
um-plated and filled with boron-10; these are worth 2.7 percent each in reactivity. Either 
of the internal rods can be controlled by the automatic servo system and serves:as a regu- 
lating rod. The other four are used as shim-safety rods or can be hand controlled. 


Nuclear Instrumentation 


The standard chambers listed below are used to sense neutron level and supply informa- 
tion to various circuits. 

(1) One B'°-coated chamber (Fig. 4.7.31) placed in a graphite reflector 16 in. from the 
core is connected directly in series with a high-voltage supply and a Leeds and Northrup 
galvanometer which has a sensitivity of 10~° pamp/mm at 1 meter. The range (with shunts) 
is from about 10~° w to full reactor power. This galvanometer is used primarily to follow 
the neutron level during start-up. 

(2) One B'°-coated graphite chamber is connected to a logarithmic amplifier and period 
circuit. The range is from 0.01 w to full power. For routine operation, the period circuit 
will shut down the reactor when periods of less than 8 sec are attained, and hence will 
ensure careful start-up. The location of this chamber is the same as (1) above. 

(3) One small U-235 fission chamber is located so that it is in a flux of 10° neutrons/ 
(cm?)(sec) when the reactor is at full power. It is connected to an integrating counter and 
determines the total energy during a given period of time. It also supplies an audible sig- 
nal (counts) to personnel at the control position. 

(4) One U-235, 4'4-in. safety chamber is connected to the high-voltage supply and the 
safety chassis. It initiates shutdown when the neutron flux rises above a predetermined 
level. It is located so that the chamber current is a little greater than 1 pamp/kw of re- 
actor power. 

(5) One B'°-coated graphite chamber jacketed in lead and located under a bismuth cur- 
tain for isolation is used to indicate neutron flux level and to act as a second safety cham- 
ber. It is connected to the electronic safety chassis also. 

(6) Another chamber, the same as above, is used to control the servo system. Both 
these chambers supply currents in excess of 1 yamp/kw of reactor power. 

All the high-voltage supplies in the nuclear and safety systems are monitored by Weston 
Sensitrol relays. If the voltage output of the supply deviates by +5 percent, the relay initi- 
ates reactor shutdown and indicates the trouble. 


Process Instrumentation 


The process instrumentation employs mostly standard sensing devices to indicate the 
condition of the process-solution system, off-gas system, and the like. The principal proc- 
ess instruments which act to protect the facility are: 

(1) A thermocouple monitors the solution temperature and initiates reactor shutdown if 
the temperature rises above a predetermined value. 

(2) A special set of pressure-sensitive devices shuts down the reactor if (a) the reactor 
system to exhaust stack pressure builds up, or (b) the stack exhaust blower is off, as in- 
dicated by the absence of a slight vacuum in the reactor system. 

(3) If the solution level rises too high, a probe will make contact with the electrolyte 
and shut down the reactor. 

(4) Three thermocouples in the catalytic recombination bed warn if temperature in- 
version takes place, thus indicating that the catalyst is not functioning properly. 
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Fig. 4.7.31—-Boron-10 Ionization Chamber used in Supo Model Water Boiler. 
Submitted by Oak Ridge National Laboratory, Nov. 25, 1952. 
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(5) An air-circulation safety shuts down the reactor if air flow across the surface of the 
process solution is not maintained in sufficient volume to keep the H, concentration below 
that required for an explosive mixture. 


INSTRUMENTATION OF HRE 


The HRE at ORNL was designed to be a power producer rather than a source of neutrons 
for experiments, and it is not necessary that the flux level be particularly smooth. The re- 
activity, i.e., the operating temperature, is controlled by adjusting the D,O reflector level 
and the concentration. When the reactor is shut down in the normal fashion, the process 
solution is diluted and drained into dump tanks. 


Nuclear Instrumentation 


The nuclear instrumentation is quite simple and is used mainly to aid in start-up and to 
determine the neutron flux levels as a cross check on power. The instruments are the 
same as those used on the MTR (q.v.). Excessive neutron flux scrams the reactor by 
dumping the reflector and the process solution as quickly as the pneumatically operated 
dump valves will function (2 to 4 sec). Rupture disks protect the core and the pressure 
vessel containing the D,O from large pressure surges. 


Process Instrumentation 


The following discussion of the process control instruments and their functions is taken 
from ORNL-1094. The essentials of the fuel system are shown in Fig. 4.7.32. The main 
flow is through the heat exchanger and the 100-gpm circulating pump. The other fuel cir- 
cuit permits adjustment of the concentration. Process solution from the dump tank is 
pumped into the core by the pulsafeeder (a diaphragm pump) and let down through the valve 
operated by a level controller on the pressurizer. Thus, there is a continuous circulation 
at approximately 1.5 gpm between core and dump tanks. The steam evaporator on the dump 
tank operates continuously, evaporating water from the process solution in the tank. The 
resulting steam is condensed, and if the concentrate valve is open, the condensate returns 
to the dump tank. There is no net change of concentration in the system under this con- 
dition. If both the concentrate and dilute valves are closed, the condensate is collected 
in the condensate tanks, and the process solution in the dump tanks becomes more con- 
centrated. This in turn results in the core process solution becoming more concentrated 
since there is continuous circulation. To lower the concentration, the dilute valve is 
opened, dumping the condensate into the pulsafeeder intake line and hence giving almost 
pure water into the core. Both concentrate and dilute valves are throttling valves con- 
trolled from the console by the operator, so the rate of concentration or dilution may be 
adjusted by the operator. 

The pressure in the reactor core is determined by the vapor pressure at the free surface 
in the pressurizer. The temperature of the solution here, and hence the pressure, is main- 
tained by a steam jacket supplied from a 10-kw electrically heated boiler. The level of 
this free surface is sensed by a level indicator employing a restrained float (Fig. 4.7.33). 
This instrument provides proportional control to the pneumatically operated letdown valve. 
Through this valve flows a mixture of gases and wet steam to the condenser and the H, 
and O, recombiner. 

Liquid flow rates are now measured by connecting a Foxboro differential cell across 
an orifice. A sketch of one such arrangement is shown in Fig. 4.7.34. Such a cell placed 
in a side arm can be used to measure liquid levels. 

Unequal temperature coefficients of expansion of the two metals make the space between 
them a function of the heater current. 
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Fig. 4.7.32—Simplified Fuel Flow Diagram for HRE. Submitted by Oak Ridge 
National Laboratory, Nov. 25, 1952. Reprinted from ORNL-1094. 
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Fig. 4.7.33 — Level Control Float for HRE Pressurizer. Submitted by Oak 
Ridge National Laboratory, Nov. 25, 1952. 
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Fig. 4.7.34—Typical Installation of Flow Metering Instrument on Homogeneous 
Reactor Experiment. Submitted by Oak Ridge National Laboratory, Nov. 25, 1952. 


Concentration is measured indirectly by weighing the water in the condensate tanks, 
which ‘are suspended from a Baldwin weigh cell. Knowing the initial charge of water and 
uranyl sulfate, the concentration is determined from the water hold-up; so the weigh in- 
strument may be calibrated in terms of concentration. As a check on the entire process- 
solution system, as well as the concentration instrument, the process solution in the dump 
tanks is also weighed. This method of determining concentration is not an absolute one 
since it cannot take into account any partial precipitation and hold-up of fuel in the system, 
nor is it capable of giving rapid measurements of concentration in the core itself. 

Monitrons (large boron-lined chambers sensitive to neutrons) are located in strategic 
places and warn of leaks in the fuel system, either into the air or into the steam: system 
through the heat exchanger, when the fuel solution is radioactive. They also initiate opera- 
tion of equipment to isolate the defective section. 

Besides concentration control, the reactivity can be varied by adjusting the level of the 
D,O reflector. An outline of the reflector system is shown in Fig. 4.7.35, and the normal 
operation should be apparent from the figure. The reflector is pressurized by helium to a 
value slightly above the core pressure and held there by a differential pressure controller. 
The reflector level is raised by the pulsafeeder and lowered by opening the let-down valve. 
In an emergency, the reflector can be dumped through the dump valve and, if the reflector 
is full, the reactivity can be reduced some 6 percent in two or three seconds. 
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Fig. 4.7.35—-Simplified Diagram of HRE Reflector System. Submitted by Oak 
Ridge National Laboratory, Nov. 25, 1952. Reprinted from ORNL-1094. 
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CHAPTER 5.1 


General Reactor Characteristics 


F. T. Miles 


Although reactors with liquid metal fuels were suggested as early as 1941,! they have 
received relatively little research and development, and the reactor characteristics have 
not been demonstrated in practice. It is possible, however, to list the potential advantages 
of such systems and their disadvantages. Here, we must distinguish between the features 
of fluid fuels in general and those of liquid metal fuels in particular. A reactor using any 
fluid fuel may have the following advantages over one with solid-fuel elements: 

(1) Simple structure. A fluid fuel can be cooled in an external heat exchanger separate 
from the reactor core. Thus, the nuclear requirements (of the core) and the heat-flow 
requirements (of the exchanger) need not both be satisfied at the same place. This may 
allow design for very high specific power. For example, material of high cross section, 
such as tungsten or tantalum, which could not be used in the core, could be used in the 
heat exchanger. 

(2) Easy fuel transport. 

(3) Simplified reprocessing. The reduction to metal, fabrication, canning, and dissolving 
steps are eliminated. Because of this, decontamination need not be complete. The cooling 
time could be made much shorter resulting in a smaller holdup of fissionable material. 

(4) Simplified waste disposal. 

(5) Continuous removal of fission products. The removal of poisons would improve 
neutron economy and might permit higher burn-up. With a lower inventory of radioactive 
material, the potential hazard would be decreased; this might reduce the size of the ex- 
clusion area required for safety. 

(6) Inherent safety and ease of control. Any liquid fuel which expands on heating gives 
an immediate negative temperature coefficient of reactivity. This effect is not delayed by 
any heat-transfer process; the rate of expansion is limited only by the speed of sound in 
the liquid. This instantaneous effect tends to make the reactor self-regulating. Adjust- 
ment of fuel concentration can be used as a shim control. 

In a system which combines these advantages, the total investment and operating costs 
might be considerably lower than at present. The desirability of developing fluid-fuel re- 
actors is therefore primarily economic. 

Among the disadvantages of fluid fuels listed below, the first two would tend to make the 
control more uncertain. 

(1) Possible fluctuations of reactivity caused by density or concentration changes in the 
fuel, e.g., bubbling. 

(2) Loss of delayed neutrons in the fuel leaving the core. 


1References appear at end of chapter. 
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(3) External hold-up of fissionable material. 

(4) Induced activity in pumps and heat exchangers and possible deposition of fuel and 
fission products. | 

(5) Corrosion problems. Each fuel system has its particular corrosion problems. 
These differ greatly from one system to another, but in every case, corrosion is the criti- 
cal problem which must be solved. 

(6) Special limitations of particular fluid fuels. 

Among the fluid-fuel systems which have been considered are: 

(1) Aqueous systems. 

(2) Liquid metals. 

(3) Fused salts. 

(4) Other liquids (e.g., UF, and solutions containing it). 

(5) Gases (again UF). 

(6) Powders, “pebbles,” or any divided solids which can be handled as fluids. 

(7) Fluidized powders. 

In some of these systems, both truly homogeneous systems (solutions) and mixtures 
(dispersions) must be considered. The last four systems have not been developed far 
enough to warrant discussing them at this time; the first three, treated in Sections 4, 5, 
and 6 of this volume, all show the potential advantages listed above, which are inherent in 
fluid fuels. 

Comparing one system with another involves relative advantages and disadvantages. 
Liquid-metal-solution systems (in particular, solutions of uranium is bismuth) have the 
following advantages over aqueous systems: 

(1) Metals can be operated at high temperatures without high pressures. 

(2) Metal solutions are free from radiation damage and do not give off bubbles (except 
for fission-product gases). By using liquid metals, therefore, two factors which may limit 
the specific power of aqueous systems are avoided. 

(3) Liquid metals have better heat-transfer properties than water [but water can carry 
more heat, cf. disadvantage (1) below]. 

(4) Metal systems do not have inherent moderating properties and can be used for fast 
and intermediate reactors as well as for thermal reactors provided the critical mass re- 
quirements are not excessive [cf. disadvantage (5) below]. 

(5) Liquid metals can be circulated by electromagnetic pumps if desired, though the effi- 
ciency may be poor, as with bismuth. 

(6) Some suitable metals, e.g., bismuth, are cheaper than D,O. 

(7) Polonium, formed from bismuth by neutron capture, may be a valuable by-product 
[cf. disadvantage (7) below]. 

Liquid-metal systems have the following disadvantages in comparison with aqueous 
systems: 

(1) The heat capacity is less than water. (On the basis of cal/(cm’)(°), this is partially 
offset by the higher density of metals.) 

(2) The higher density may be a disadvantage. 

(3) Liquid metals are more difficult to pump. 

(4) The absorption cross sections of the best metals (e.g., bismuth, o = 0.082 barns) are 
inferior to D,O, though better than H,O. The cross section of bismuth may be low enough, 
however, to allow breeding of U*** from thorium by means of thermal neutrons. 

(5) For a thermal reactor, moderator must be supplied [cf. advantage (4) above]. 

(6) The limited solubility of uranium in bismuth necessitates the use of enriched u* or 
U?33 as fuel. Uranium-238 or thorium cannot be held in solution in sufficient concentration 
to give internal breeding. 

(7) Because of (4) and (5), liquid-metal-fuel reactors (LMFR) are at least 4 ft in diam- 
eter and cannot be scaled down as far as aqueous reactors can. 
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_ (8) The high melting point ot most metals makes the start-up of a reactor difficult. 

-” (9) Polonium may represent an additional hazard as well as a by-product [see advantage 
(7) above]. However, if the polonium remains with the fission products, it should not add 
to the problems already present. If it is separated, its value should pay for the additional 
precautions which would be taken. 

The concentration of fissionable material in solution is limited by its solubility at the 
lowest temperature in the system. This limitation can be avoided by using a dispersion of 
a solid in the liquid metal. A dispersion might show the following advantages over a solu- 
tion: 

(1) The increased concentration of fissionable material might be necessary for a fast 
reactor or might allow increased neutron economy, smaller core dimensions, or the in- 
troduction of fertile material in the core. Disadvantages (4), (6), and (7), above, might 
thus be avoided. 

(2) The liquid phase of the dispersion might be a low-melting eutectic, a situation that 
would eliminate objection (8). 

(3) With the fissionable material in a solid form, contamination of pumps and heat ex- 
changers might be reduced. 

On the other hand, a liquid-metal dispersion might have these disadvantages: 

(1) The solids might settle out and thereby cause concentration changes which would re- 
sult in fluctuations of reactivity. Even if this did not occur with a fresh slurry, radiation 
damage and thermal cycling might result in changes in the particle size or shape that 
would increase the settling rate. Extra equipment, e.g., stirrers, might be required to 
keep the solids in suspension. 

(2) The viscosity of the slurry might make circulation difficult. In this connection, there 
is the possible use of viscous liquid-metal mixtures, e.g., pastes, which would not be cir- 
culated to remove heat but rather would be used in a stationary fuel element. Such an ele- 
ment might retain some of the advantages of a liquid metal fuel, e.g., freedom from radia- 
tion damage, ease of handling and processing, and good heat transfer. 

(3) With the fissionable material in a solid form, the removal of fission products and 
reprocessing would be more complicated. 

(4) Finally, the presence of solids might cause erosion in addition to corrosion. 


POSSIBLE APPLICATIONS OF LIQUID METAL FUELS 


Of the many possible reactors using liquid metal fuels, only a very few have received 
even a preliminary design. One possibility, LMFR*, would use a dilute solution of U?*? or 
enriched U2** in bismuth in a core of the reactor. The core would consist of a tank through 
which the fuel would flow and in which beryllium rods would moderate the neutrons to 
thermal energy. The heat would be removed from the fuel externally. (Several types of 
external heat exchangers are discussed in Chapter 5.3.) The heat would be delivered at a 
suitably high temperature to produce electrical power. A large fraction of the neutrons 
would escape from the core and would be caught in a blanket to produce fissionable mate- 
rial. Thus, the LMFR could be either a power-breeder on the Th-U** cycle or a power- 
converter consuming U?* and producing U***. 

In LMFR, reprocessing of both the core and the blanket would be integrated with the 
reactor. This might lead to a considerable reduction in operating costs. The U-Bi solu- 
tion in the core would be processed in the following ways: 

(1) Rare gases (especially Xe!**) would be removed by gas sparging or pumping on every 
cycle of the fuel (approximately every 15 sec). 

(2) Rare-earth fission products would be removed by extracting the metal with a fused 
salt, the eutectic mixture of LiCl and KCl. The blanket would consist of ThF, through 
which would circulate a gas containing F,. This gas would cool the blanket and would re- 
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move the product U’*8 as UF,. Chemical processing is described in detail in Volume 4. 
is brief description is included here because integration of the chemical processing 
with reactor operation is one of the important economic justifications of LMFR. 
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CHAPTER 5.2 


Composition and Properties 
of Liquid Metal Fuels 


R. J. Teitel 


The range of compositions of interest as reactor fuels is limited by nuclear require- 
ments. Semiquantitative limits on the amount of carrier material, C, which can be added 
to the fuel, F, are set by the calculation: 


(Nc/NF) (oc /oF) 


where the first factor is the atomic ratio and the second is the ratio of absorption cross 
sections. The product represents the number of neutrons lost to capture by the carrier 
material per neutron captured by the fissionable material. To achieve a chain reaction, 
k~ must be greater than 1, and Ncoc/Nfrory must be less than (7 — 1). Similarly, to pro- 
duce more fissionable material than is consumed, g > 1, the product must not exceed 

(n — 2). 


4 
Table 5.2.1 — Maximum Allowable Values of E: cc | 
F 


Thermal neutrons 


(n — 1)o, (n— 2)o, 
for chain reaction for breeding gain 
Fuel (k,, > 1), barns (g > 1), barns 
p23 767 203 
ue 721 (77)t 
pu’ 1035 0 


*(Dilution of fuel) x (cross section of carrier) 
¢u235 is not part of a breeding cycle 


The values for (7 — 1) of and (n — 2) of are given in Table 5.2.1 for different fuels and 
for thermal neutrons. These numbers represent the maximum values of (No /NE) Oc 
which could be tolerated to achieve a chain reaction or a breeding gain. For example, 
bismuth has an absorption cross section for thermal neutrons of 0.032 barn. Therefore, 
to achieve a chain reaction with a U25-Bi solution, the dilution cannot exceed: 
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Ny; /Nos < 721/0.032 = 2.25 x 10° 


The atomic concentration of uranium would have to be at least 44 ppm. Neutron losses to 
the moderator and leakage would raise the required concentration. 

This very rough rule is good enough to indicate the concentration ranges of interest for 
thermal reactors, but the situation is more complicated for fast reactors. The energy 
spectrum of the neutrons must be determined in this case, and this depends on various 
competing processes, the cross sections for which are not well known. Inelastic scattering 
may also be very important. For these reasons, the above rule, based on capture cross 
sections only, should be used with caution. In general, fast reactors require more con- 
centrated fuels than do thermal reactors. | 

The capture cross sections’~ of possible components of liquid metal fuels are listed in 
Table 5.2.2 in order of increasing melting point. Where capture cross sections for fast 
neutrons are not known they can be estimated.‘ 


Table 5.2.2— Capture Cross Sections of Liquid-metal-fuel Components 


Absorption cross section 


Component Melting point, °C Thermal, barns Fast, barns 
Hg —39 380 daha 
Hg? —39 60 sie 
Hg?! —39 60 Sits 
Cs 28 29.0 aie 
Ga 30 2.71 © seus 
Rb 39 0.70 0.017 
K 63 1.97 er 
Na 97 0.49 0.00026 
In 156 190 meen 
Li 186 67 re 
Li! 186 0.033 aie 
Sn 232 .65 cae 
Bi 271 .032 0.0034 
Tl 300 3.3 evs 
Cd 321 2400 ee 
Pb 327 0.17 
Zn 419 1.06 aes 
Te 450 4.5 eee 
Ce 600 0.70 0.005 
Sb 631 6.4 adeee 
Mg 650 0.059 sere 
Al 660 2215 0.00037 
Ba 704 1.17 nae 
Sr 770 1.16 Sie 
Nd 840 44 0.041 
Ca 850 0.43 eae 


‘References appear at end of chapter. 
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LIQUID-METAL-SOLUTION FUELS 


The data in this field are scanty, and extrapolation is therefore usually necessary. For 
instance, most of the liquid and solid densities are not well established, but by assuming 
that the atomic volumes.of the constituent atoms in the alloy do not change, a simple cal- 
culation gives an estimated density which is usually within 10 to 15 percent of the true 
value. This approximation cannot be used for ionic compounds. 

Many of the data have been taken from only a few sources. All the known data on ura- 
nium phase diagrams, for example, are summarized by Buzzard and Cleaves;® another 
source is the unpublished information of Teitel.® 


URANIUM SOLUTIONS IN LIQUID METALS 


The solubility of uranium in various liquid metals at different temperatures has been 
reported,*® and the results appear in Table 5.2.3 and Figs. 5.2.1 and 5.2.2. No specific 
data on the physical properties or the stability to radiation damage appear in the litera- 
ture, The properties should be very similar to those of the pure liquids, however, and 
radiation damage in liquid metals is believed to be negligible. 


URANIUM-BISMUTH SOLUTIONS 


The properties of pure bismuth, given in Table 5.2.4, provide a rough approximation of 
the properties of a dilute bismuth solution. The static corrosion of container materials by 
uranium-bismuth solutions has been studied in detail,”»'° and the results indicate that these 
solutions behave like bismuth. It seems likely, therefore, that those materials that cannot 
be used with bismuth cannot be used with its uranium solution but that the materials which 
have a good corrosion resistance with bismuth will be suitable for bismuth-uranium solu- 
tions. Containers that have been suggested are Cr-Mo steels, Cr-Mo-Si steels, silicon 
steels, plain carbon steels, beryllium, molybdenum, tungsten, and many ceramics. Dy- 
namic corrosion properties are not known, and it is not possible to extrapolate from ex- 
perience with pure bismuth since slight additions to liquid metals’® have been known to 
have large effects on dynamic corrosion behavior. 


THORIUM SOLUTIONS IN LIQUID METALS 


Solubility data for thorium’ in liquid metals are shown in Table 5.2.5. No data for the 
physical properties of these solutions appear in the literature. However, since the con- 
centration of thorium is low, the properties of these solutions should follow closely those 
of the pure metals (refer to Section 2 “Liquid-metal-cooled Systems”). 


PLUTONIUM SOLUTIONS 


Only a few solutions of Pu in low melting alloys have been found. The solubility of Pu in 
Bi is shown in Fig. 5.2.3. Other systems show low melting eutectics at the temperature 
and concentrations given in Table 5.2.6. 


LIQUID-METAL-DISPERSION FUELS 


To utilize higher concentrations of a fissionable component in liquid metals, disper- 
sions in which the solid contains the fissionable component must be considered. This 
field is new, and the data are therefore meager. However, some properties can be extra- 
polated from the characteristics of pure liquid metals and solids. 

The properties of muds and dispersions have been studied in the field of soil mechanics, 
and certain of these principles can be carried over to liquid-metal-fuel dispersions. In 
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LIQUID-METAL-FUEL SYSTEMS 


Table 5.2.3 —Solubility of Uranium in Liquid Metals and Alloys 
(TID-65, July 1948) 


Uranium solubility, atomic-% 


A 
Metal or alloy 900°C 850°C 800°C 750°C 700°C 650°C 600°C 550°C 500°C 450°C 


Al 4.2 
62 Al :38 Mg 

28 Al: 72 Mg 

94.7 Al :5.3 Si 1.4 
91.6 Al :8.4 Si 

61 Al:39 Ag 1.5 
88 Al:12 Zn 

70 Al:30 Zn 

47 Al:53 Zn 

an 

1.1 Al :98.9 Bi 

Bi 12.3 
46 Bi: 54 Sn 3.1 
Sn 

45 Bi :55 Cd 

78 Bi: 22 Na 

68 Bi:32 Na 

Sb 1.5 
Pb 0.52 
In 0.51 
Tl 0.13 
Ga 


*Not detected 
TLess than 0.03 at 40°C 


3.7 


0.9 
0.6 
1.2 


6.9 
9.3 
2.2 
0.2 


0.9 


034 


3.3 


1.2 


2.8 
0.29 


2.3 
21 
0.020 


1.7 
AT 
.016 


0.02 
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x ° SETTLED 
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O 
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Fig. 5.2.1— The Solubility of Uranium in Liquid Bismuth. Reprinted from 
BNL-75, Sept. 15. 1952. (BNL Log No. D-1558) 
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© 
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Fig. 5.2.2— The Solubility of Uranium in Liquid 47 Bi: 53 Pb Alloy. 
Submitted by BNL, Aug. 21, 1952. (BNL Log No. D-2351) 
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Table 5.2.4— Properties of Pure Bismuth 
(Liquid Metals Handbook, NAVEXOS P-733, June 1, 1950) 


Melting point, °C 271 
Latent heat of fusion, cal/gm 13 
Boiling point, °C 1477 
Heat of vaporization, cal/gm 204.3 
Vapor pressure, mm Hg 
917 °C 1683 °F 1.0 
1067 °C 1953 °F 10.0 
1257 °C 2295 °F 100.0 
1325 °C 2417 °F 200 
1400 °C * 2552 °F 400 
Density, gm/cc 
300 °C 10.03 
400 °C 9.91 
600 °C 9.66 
802 °C 9.40 
962 °C 9.20 
Specific heat, cal/(gm)(°C) 
271 °C 0.0340 
400 °C | .0354 
600 °C 0376 
800 °C 0397 
1000 °C 0419 
Viscosity, poises x 10* 
304 °C 1.662 
451 °C 1.280 
600 °C 0.996 
Thermal conductivity, °C/cm 
300 °C 0.041 
400 °C 037 
500 °C 037 
600 °C 037 
700 °C 037 
Electrical resistance, » ohms/cm 
300 °C 128.9 
400 °C 134.2 
600 °C 145.25 
750 °C 153.53 
Surface tension, dynes/cm? 
300 °C 376 
350 °C 373 
400 °C 370 
450 °C 367 
500 °C 363 
Volume change on fusion, % of solid volume 3.32 
Isotopic composition of bismuth 100° pi™ 
Nuclear properties of bismuth Thermal Fast 
Absorption cross section, barns 0.032 0.003 
Scattering cross section, barns 1.35 ee 
Radiation products | Po*!¢ ee 
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Table 5.2.5 — Solubility of Thorium in Liquid Metals and Alloys 
(TID-65, July 1948) 


Thorium solubility, atomic —% 


<3 mt oe S — & om UO a a 3 
< <A 2@N Ze ao az az 
_ Re Se stat at ar Be ae Be ae 2 = Be ae 
ree#2 BS BY BR ES ag ¢ 828 BE 2 #€ gs & fF BE 
900 3.2 2.2 0.53 1.07 0.47 0.29 O 
850 6.4 3.0 2.3 26 S 
800 5.3 3.1 2.5 1.5 1.4 1.0 16 0.39 0.12 0.24 <3 
750 46 08 25 2.4 20 14.1 N D* 05 > 
70000 44100 6169 170 (13 0070 04 <03 <0.1 F- 0.09 
650 3.7 4 1.4 #1.1 ~~ «0«.5 5 <.03 ’ S 
600 3 0.9 0.5 3 <0.03 <0.07 2 <0.04 
550 2 s 
500 ] ve) 
ee] 
450 <0.04 . 
3 
*Not detected Es 
900 
800 
700 
© 600 
 ] 
[ 
iJ 
ae 
= 500 
— 
of 
17 
400 
a. 
= 
us 
300 
200 


PLUTONIUM, wt-% 


Fig. 5.2.3— Solubility of Pu in Bi. Submitted by Los Alamos Scientific Labo- 
ratory, Mar. 1953. (BNL Log. No. D-2350) 
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Table 5.2.6— Plutonium Liquid-metal Solutions 
[References (12) and (13)] 


Composition, wt-% Freezing point, °C 
36.7 Pu: 63.3 Ni 465 
86.8 Al: 13.2 Pu 647 
Pure Pu 635 
35.5 Mg: 64.5 Pu 552 


particular, it is known that the viscosity of a dispersion depends on the volume-percent 
solids, the particle size, and the particle shape. For a particular particle size, the vol- 
ume concentration can be increased to a point beyond which the viscosity increases rap- 
idly. This threshold volume-concentration of solid is diminished with finer particle size. 
For fuel dispersions, therefore, the maximum concentration of fissionable component de- 
creases with particle size. This property is particularly important if the fuel is to be 
moved. | 

Another important property of dispersion is the density difference between the solid and 
the liquid. This factor affects settling and the erosive action of moving streams. These 
effects are insignificant for muds or pastes, however, because they are not likely to settle 
or to be moved fast enough to cause an appreciable amount of erosion. 

Liquid-metal-dispersion fuels can be classified into two general groups, according to 
the nature of the dispersed phase: (1) intermetallic compound dispersions, in which the 
solid is either a pure metal or an intermetallic compound of the fissionable component 
with the liquid-metal components and (2) ionic compound dispersions, in which an ionic 
compound is dispersed in the liquid phase. Phase equilibria, phase diagrams, and proper- 
ties of the phases are needed for Group (1), while Group (2) requires additional information 
about wettability. 


METHOD OF PRODUCING DISPERSIONS 


The method used by Teitel'‘ for making intermetallic compound dispersions of uranium 
has been to add uranium powder, produced from the reduction of the hydride, to the liquid 
metal at approximately 400°C. This technique has produced dispersions of U(Sn,Pb)s; in 
Pb-Sn liquid having a particle size of 3u. Sub-microscopic sizes were produced by adding 
the hydride to the metal directly. Similarly, dispersions of ThBis; in Bi have been pro- 
duced. It is believed that dispersions of plutonium can be produced by this procedure also. 

Ionic compound dispersions are produced simply by adding the ionic compound to the 
clean liquid-metal surfaces. 


RADIATION EFFECTS ON DISPERSIONS 


No data appear in the literature on this subject. 


THERMAL EFFECTS ON DISPERSIONS 


An appreciable effect of temperature on a Pb-Sn-U dispersion is reported (see Pb-Sn-U 
system) in the following. Thermal effects on ionic compound dispersions are expected to 
be negligible. 
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URANIUM DISPERSIONS 


Bi-U SYSTEM 


The phase diagram of U-Bi is uncertain at present. Some time ago Ahman and Baldwin’® 
published the diagram shown in Fig. 5.2.4. However, more recent unpublished data by 
Teitel seem to indicate that the phase diagram is really that shown in Fig. 5.2.5. The 
solubility of uranium in bismuth at different temperatures has already been discussed 
above with regard to bismuth-solution fuels. The dispersion that is likely to be the most 
interesting is that of UBi, or U,;Bi; (depending upon which diagram is correct) in liquid Bi. 
General data on this dispersion are summarized in Table 5.2.7. 


BISMUTH, ~wt - % 
17.99 36.91 56.83 77,83 


| TWO LIQUIDS 


| \ 71 
H ! 
/ UBi + LIQUID LIQUID 
/ 
/ 
re 1130 
0 
=] 
& 1000 
oa 
<q 
ao 
~ ) 
= B+ UBi | 
- 640 


500 


UBi, + LIQUID 
a + UBi 270 
0 
80 Tele) 


O 20 40 60 
BISMUTH , ATOMIC - % 


UBis 


Fig. 5.2.4—— The Bismuth-Uranium System. Reprinted from CT-2961. Nov. 12, 
1945. (BNL Log No. D-1992) 
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Pb-U SYSTEM 


This system (Fig. 5.2.6) has been reported by Teitel.'* The solubility of uranium in 
liquid lead is 0.005 at temperatures up to 700°C. A dispersion of UPb, in essentially pure 
lead would have the properties summarized in Table 5.2.7. 


URANIUM, atomic - % 
O 88 = I79 277i 36.7 467 567 670 778 888 100 


a 800 UPb3+ UPb 


Pb3 


UPb+a-U 


S25 


SOOT O.! Pb+UPb3 


O lO 20 30 40 50 60 70 80 90 i0O 
URANIUM » wt- %o 


Fig. 5.2.6— The Lead-Uranium System. Reprinted from the Journal of Metals, 
April 1952. : 


Sn-U SYSTEM 


Treick et al!" investigated this system, and their phase diagram is shown in Fig. 5.2.7. 


Uranium is less soluble in tin than it is in lead. USng in liquid tin is a possible dispersion, 
and its properties are listed in Table 5.2.7. 


Bi-Pb-U SYSTEM 


By adding lead to uranium-bismuth alloys, the phase equilibria can be changed and the 
high uranium-bismuth compounds dispersed. This permits higher uranium concentrations 
for equivalent solid/lead volume ratios, i.e., viscosity change sets in at higher uranium 
concentrations. An isothermal (350°C) portion of the phase diagrams* appears in Fig. 
5.2.8, and some possible dispersions for use as either a fuel or plutonium converter sys- 
tem are given in Table 5.2.7. The solubility of uranium in lead-bismuth liquids (Fig. 5.2.2) 


is very low compared to that in pure bismuth. Phase equilibria at higher temperatures 
have not been completed. 
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Fig. 5.2.7— The Tin-Uranium System. Reprinted from M-3107. (BNL 
Log No. D-1993) 
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Fig: 5.2.8— An Isothermal (350°C) Section of the Bismuth-Lead-Uranium 
System. Submitted by BNL, Aug. 21, 1952. (BNL Log No. D-2304) 


Bi-Sn-U SYSTEM 


Additions of tin to uranium-bismuth alloys lower the solubility of uranium in the liquid 
phase, and tin compounds appear in equilibrium with liquids containing above 11 weight- 
percent tin. An isothermal section at 350°C is shown in Fig. 5.2.9. Some possible dis- 
persions are reported in Table 5.2.7. 


Pb-Sn-U SYSTEM 


Lead and tin form compounds with uranium that have similar structures. Therefore it 
is not surprising that lead is soluble in solid USng as shown in Fig. 5.2.10. This makes a 
very interesting group of dispersions because the density between solid and liquid (listed 
in Table 5.2.7) is very close to zero. This compound is not very pyrophoric. 

Tests have been made to determine the effect of thermal cycling and isothermal treat- 
ment on the particle size. The isothermal growth at 500° and 600°C is 0.003 p/hr. Cycling 
the dispersion between 300° and 600°C caused the particles to grow an additional 0.0007 
u/cycle. The total growth for any cycling speed can be calculated by the following formula: 


G=Gr+Gco°+ 


where G is total growth, G7 is growth owing to mean temperature, Gc is cycling growth, 
and t is the time for one cycle. 
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SOLID PHASES 


sn Te) 20 30 40 50 60 70 80 90 Bi 


Fig. 5.2.9— An Isothermal (350°C) Section of the Bismuth-Tin-Uranium Sys- 
tem. Submitted by BNL, Aug. 21, 1952. (BNL Log No. D-2303) 
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Fig. 5.2.10—An Isothermal (350°C) Section of the Lead-Tin-Uranium System. 
Submitted by BNL, Aug. 21, 1952. (BNL) Log No. D-2111) 


764 


COMPOSITION AND PROPERTIES CHAP. 5.2 


Pb-Bi-Sn-U SYSTEM 


Figure 5.2.11 shows a plot of the liquidus of the isothermal section of quarternary sys- 
tem at 350°C. This section neglects the slight solubility of uranium in representing the 
liquid composition. The lines in the figure separate the two-phase fields indicating the 


composition of the equilibrium solid phase. This system contributes an additional dis- 
persion to those reported in Table 5.2.7. 


U (Sn, Pb), + L 


Fig. 5.2.11—A Plot of the Liquidus of an Isothermal (350°C) Section of the 


Bismuth-Lead-Tin-Uranium System. Submitted by BNL, Aug. 21, 1952. 
(BNL Log No. D-2302) 


Bi-Na-U SYSTEM 


It has been reported” that UBi, is stable in some bismuth-sodium liquids. A possible 
dispersion for this system is given in Table 5.2.7. 


Hg-U 


The phase diagram for the U-Hg system appears in Fig. 5.2.12, and a possible disper- 
sion from this system is given in Table 5.2.7. 


U-Al 


The phase diagram for this system is shown in Fig. 5.2.13, and a possible dispersion 
is given in Table 5.2.7. 
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Fig. 5.2.12——The Mercury-Uranium System. Reprinted from TID-65, July 
1948. (BNL Log No. D-2153) 
U-Ce 


Reports have indicated that uranium is immiscible with Ce,° and therefore, it might be 
possible to disperse particles of uranium in cerium. This dispersion would have the prop- 
erties indicated in Table 5.2.7. 

U-Cd 

Cd does not seem to alloy with uranium.’ Consequently, a dispersion listed in Table 
5.2.7 is possible. 

U-Ca 


Apparently calcium and uranium do not alloy.* A possible dispersion is given in Table 
5.2.7. 
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Fig. 5.2.13——The Aluminum-Uranium System. Reprinted from TID-65, July 
1948. (BNL Log No. D-2152) 
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Fig. 5.2.14——The Bismuth-Thorium System. Reprinted from ISC-48, July 12, 
1950. (BNL Log No. D-2154) 


IONIC COMPOUND DISPERSIONS OF URANIUM 


The stability of a dispersion depends upon whether the solid is wetted by the liquid. Usu- 
ally, this means that the contact angle for the liquid phase is 0°. Indeed, this is the best 
condition. The available data on contact angles for the various solids and liquids as well 
as the properties of the solid and liquid are given in Table 5.2.8. 


THORIUM DISPERSIONS 


Very few of the phase diagrams for thorium have been given in the literature for low- 
thorium alloys. The only intermetallic compound dispersion that can be reported’? is that 
of ThBi; in Bi. The incomplete phase diagram appears in Fig. 5.2.14. The density of ThBig 
(which is pyrophoric) is not known, but it is estimated to be close to that of bismuth. A 
dispersion of this type has been produced by means of the technique of adding uranium 
powder to bismuth. Bryner” has started to study intermetallic dispersions of thorium in 
lead-bismuth alloys, and a tentative isothermal section of this system is shown in Fig. 
5.2.15. 

Nothing has been reported on the contact angles of ionic thorium compounds versus 
various liquid metals. 


PLUTONIUM DISPERSIONS 


A few phase diagrams have appeared but none for the low-melting elements. It is known* 
that PuSng and PuPbs exist, and it can be guessed that there might be a similar set of dis- 
persions to that of uranium. No data are available on possible ionic compound dispersions. 


*Submitted by Los Alamos Scientific Laboratory, March, 1953. 
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Fig. 5.2.15—Tentative Isothermal Section at 450°C of Th-Bi-Pb System. Sub- 
mitted by BNL March 16, 1953. (BNL Log No. D-2349) 
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CHAPTER 5.3 


Engineering Design 


HEAT TRANSFER 
(Orrington E. Dwyer) 


The following is essentially a topical discussion of the characterizing factors and the 
underlying principles of heat transfer as related to liquid-metal-fuel reactors and is 
based primarily on heat-transfer studies conducted at the Brookhaven National Labora- 
tory in conjunction with liquid-metal-fuel-reactor (LMFR) component investigations. 
Information pertaining to heat transfer with liquid metals can be found in the Liquid 
Metals Handbook,! and liquid-metal heat transfer is discussed in Section 2 of this volume. 

Whereas nuclear reactors utilizing solid fuel elements must be cooled internally by a 
coolant flowing through the reactor, fluid-fuel reactors may be cooled either internally 
or externally. In external cooling, the fuel is continuously circulated in a closed circuit 
consisting of the reactor core and external heat-exchange units. A liquid-metal-fuel 
reactor, particularly the generic design visualized by the Brookhaven reactor group, is 
essentially a power-breeder or power-converter reactor with the emphasis on power. 
Heat transfer is thus of considerable importance: first, because of the high temperature 
involved and, second, because of the number of heat-exchange operations. 

Ideally in the case of internal cooling, the structural material separating the liquid 
metal fuel from the coolant (probably another liquid metal) should have: (1) a geometry 
that will provide a large heat-transfer area without being excessively massive; (2) a low 
thermal-neutron absorption cross section; (3) a reasonably high thermal conductivity, and 
(4) sufficient structural strength and other physical properties to prevent cracks and 
ruptures. At present, no such ideal material exists. Graphite is the best from most stand- 
points but is presumably deficient with regard to point (4). Graphite coils to contain either 
the fuel or the coolant appear impractical, and the two liquid-metal streams must there- 
fore circulate through a single mass of graphite. 

The apparent advantages of internal cooling are: 

(1) Lower fuel inventory is possible. 

(2) Primary heat exchangers and associated piping and pumps can be eliminated without 
getting radioactive steam. 

(3) A secondary coolant would be non-radioactive. 

(4) Breeding can be accomplished in the coolant stream. 

The advantages of external cooling are: 

(1) A smaller reactor core is possible in the absence of both coolant and, possibly, a 
separator material of relatively high neutron absorptivity. 


(2) Simpler reactor construction. 
(3) Less serious thermal stress problems. 


1References appear at end of chapter. 
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(4) Better heat-transfer coefficients. 

(5) Less critical leak problem. External heat exchange can be accomplished in several 
parallel exchangers, providing greater flexibility and reliability of operation. Thus, if a 
leak should develop in a particular heat exchanger, it could be isolated from the system 
and replaced with another. 

(6) Prompt circulation of fuel permits rapid removal of gaseous fission products. 

(7) Rapid circulation of fuel permits better control of reactivity. The fuel concentration 
can be changed quickly by the addition or removal of fissile material as the fuel mixture 
is being circulated. 

While both internal and external heat removal are being considered by the Brookhaven 
workers for liquid-metal-fuel reactors, most effort to date has been spent on external 
cooling. This type of cooling system is therefore the chief subject of the remainder of 
this discussion. 


IMPORTANT PROPERTIES OF COOLANTS 


For external cooling, the fuel-bearing liquid should meet as far as possible the same 
rigid specifications as the primary coolant for a solid-fuel reactor, in addition to the re- 
quirement that it satisfactorily dissolve or otherwise carry the uranium fuel. The im- 
portant propertieg of a fuel-bearing liquid metal are: 

(1) Density—affects pumping power, heat-transfer-area requirements, and shielding 
requirements since gamma-absorption capacity depends on density. 

(2) Thermal conductivity —affects heat-transfer-area requirement and therefore fuel 
inventory. 

(3) Heat capacity and viscosity—affects pumping power and heat-transfer area. 

(4) Melting point—increases start-up problem if liquid melts above room temperature. 
At shutdown, presumably, there would be a sufficiently high concentration of fission prod- 
ucts to prevent freezing. 

(5) Vapor pressure—determines pressure on reactor system. 

(6) Coefficient of volumetric expansion—the greater the value of this property, the 
easier to promote natural circulation and reactor stability. 

(7) Electrical resistivity —affects applicability of electromagnetic pumps. 

In general, the density, thermal conductivity, heat capacity, and coefficient of volumetric 
expansion should be high; conversely, the viscosity, melting point, vapor pressure, and 
electrical resistivity should be as low as possible. Obviously, vapor pressures of liquid 
metals are relatively very low. Degree of “wetting” of the heat-transfer surfaces by a 
liquid metal is also an important characteristic of this type of coolant. 

The properties of the ideal secondary coolant are essentially the same as those of the 
primary coolant (fuel stream). The one property of no importance in the case of the 
primary coolant but of appreciable importance for the secondary coolant is the density 
change on freezing. This property has considerable bearing on equipment shut-down and 
start-up. Another property which has greater significance for a secondary coolant is 
toxicity. 

The Brookhaven liquid-metal-reactor system employs a fuel mixture consisting of 
uranium dissolved in molten bismuth. The concentration of the uranium is around 600 ppm, 
which is so low that for heat-transfer and fluid-mechanical onsiderations, the fuel mix- 
ture can be assumed to be liquid bismuth. Most of the pruposals for power production thus 
far considered involve the production of steam through the use of a secondary coolant. 
Mercury, sodium, and the eutectic mixture of potassium chloride and lithium cloride have 
been considered as secondary coolants in some detail. Some of their physical and thermal 
properties at 450°C, along with those of bismuth, are shown in Table 5.3.1. A satisfactory 
operating temperature range for coolants in a reactor system similar to LMFR may be 
350° to 500°C. 


7172 


ENGINEERING DESIGN CHAP. 5.3 


COMPARISON OF COOLANTS ON BASIS OF PUMPING-POWER REQUIREMENTS 


One valuable criterion for judging the merits of a coolant is the amount of pumping 
power required for a given rate of heat.removal. The three main pressure drops in the 
coolant system—those in the piping, the reactor, and the heat exchangers may be roughly 
of the same order of magnitude. The pumping power required to circulate the coolant 
through the piping system per unit rate of heat transfer for a fixed temperature rise in 
the coolant is: 


$, = pumping energy required _ (Ap) (1) 
P heat removed Cpp 


The symbols used in this and subsequent equations in this chapter are defined in Table 
5.3.2. 


Table 5.3.1— Physical Properties of Coolants at 450°C (842°F) 


Property Bismuth Mercury Sodium KCI-LiCl eutectic 
Melting point, °F 520 —38 208 664 
Boiling point, °F 2691 675 1621 See 
Density, lb/cu ft 613 785 52.5 103 
Specific heat, Btu/(lb)(°F) 0.036 0.035 0.30 0.27* 
Heat capacity, Btu/(ft)®(F) 22.1 25.9 15.75 27.8* 
Thermal conductivity, Btu/(hr)(ft)(F ) 8.95 14.6 39.4 0.75* 
Viscosity, cp 1.28 0.92 0.245 1.6* 
Prandtl number, C,u/k 0.0125 .00525 .00451 1.39* 


* Owing to the absence of specific data for this mixture at 450°C, the values listed are only 


estimates 


Table 5.3.2 — Nomenclature 


A = Heat-transfer area 
cp = Centipoises 
C p = Specific heat 
D = Diameter 
f = Friction factor, defined by Eq. (3) 
g = Acceleration due to gravity 
G = vp = Mass velocity 
h = Film heat-transfer coefficient 
k = Thermal conductivity 


m = Hydraulic radius = Cross-sectional area 


n = Number of tubes in parallel 
N = Length of tubes 
p = Pressure 
Ap = Pressure drop 
q = Heat flow rate 
t = temperature 
At = Over-all temperature drop across tube 
wall and films 
U = Over-all heat-transfer coefficient 
v = Linear velocity 
V = Volumetric rate of flow 


Total wetted perimeter 


0.2 0.8 
Z a ae 


Greek Symbols 


p» = viscosity 

p = density 

ro pumping power 
heat removal rate 


Subscripts 


H refers to heat exchanger 

n means number of tubes is held constant 
p refers to piping 

o refers to outside diameter 

v means linear velocity is held constant 
1 means initial 

2 means final 
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Available data indicate that the fluid-mechanical behavior cf liquid metals is the same 
as that of ordinary liquids. Therefore, combining the friction factor equation: 


f = 0.046(u/Dvp)*-? (2) 


with the Fanning equation: 


fv7pN 
Ap=——P* 3 
p oD (3) 
yields: 
Mp =i: 
p ep (4) 


Combining Eqs. (1) and (4) and assuming constant pipe sizes and lengths results in: 


1.8, ,0.2 
op = (a constant) re 6) 


Since v is inversely proportional to.Cp, Eq. (5) becomes: 


0.2 
oy = (a constant) Fo (6) 
pp 


The ratio p°-?/p*Ci;",, called “X,” for a fixed heat-removal rate, temperature rise, and 
tube size, is a direct measure of the pumping power required for a given heat-transfer 
fluid. Table 5.3.3 gives values of X for the four fluids discussed above. The units of the 
physical properties used in evaluating X were the same as those presented in Table 9.3.1. 
The pumping power required for a given rate of heat removal in the heat exchanger system 
is: 


j= pumping energy required ee AP (1a) 
H heat removed Cyp 


Table 5.3.3 — values of p°**/p*c?-® for Various Coolants at 450°C 


Coolant x 
Bismuth 0.0305 
Mercury 0224 
Sodium .00793 
KC1-LiCI eutectic 0041 


If the pressure drop across the heat exchanger is assumed to result mainly from friction 
drop in the tubes (an assumption that is not necessarily always true), AP can be evaluated 
by Eq. (4). Assuming that: 
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(1) Total heat removal is fixed, as before 

(2) Number of tubes in parallel ils held constant 

(3) Inside diameter of tubes is held constant 

(4) Inlet and outlet temperatures are the same for all coolants 

(5) Over-all temperature drop from the fluid being cooled to the fluid being heated is 
the same in all cases 

(6) Average bulk temperature of the fluid is 450°C 

(7) Combined resistance of the tube wall and the other fluid is 0.00105 (hr)(ft)*/Btu (a 
typical value for 1-in.-ID tubes with %-in. alloy-steel wall) 


and combining these assumptions with Eqs. (la) and (4) and remembering that v varies 
inversely as Cp: 


[$y Jn = (a constant) 


0.2 
or ' 


Since N varies inversely as U: 


0.2 
[Ou ]n = (@ constant) Cry (8) 
p 


The ratio, »°*/C7;"p*U, which is a direct measure of the pumping power required to pass 
a given coolant through a tubular heat exchanger, is called “Y.” Table 5.3.4 gives values 
of Y for the four fluids previously mentioned based on the conditions and assumptions 
stated above and the listed flow rates. General values of Y similar to those of X shown 
in Table 5.3.3 are not conveniently derived because U cannot be expressed as a simple 
function of the coolant properties. The film heat-transfer coefficients were calculated 
from Eqs. (14), (15), and (17). 

In deriving Eq. (8), the number of tubes in parallel was kept constant, and the linear 
velocity of the coolant through the tubes was allowed to vary depending upon the required 
volumetric flow rate of the coolant. A similar analysis can be made keeping the linear 
velocity constant and allowing the number of tubes to vary. Combining Eqs. (1a) and (4) 
and remembering that v and D are constant: 


0.2 

[yz], = (a constant) a (9) 
pP 

but: 

N = A/(m7Dn) (10) 


Table 5.3.4—-Values of Y for Various Coolants 


Coolant v,ft/sec v, lb/(sec)(ft)* h, Btu/(hr)(ft(F) U, Btu/(hrp(ftPCF) Y_x105 


Bismuth 9.9 6000 2840 671 4.55 
Mercury 8.4 6550 3500 711 2.67 
Sodium 13.9 730 7750 826 0.965 
LiC1-KCl 

eutectic 7.85 800 1700 560 .725 
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A = q/U(4t) (11) 
and: 

aa aa ~ 0.785D°v C(t, — ty) (12) 
Combining the above four equations: 

[oul = (a constant) 4 (13) 


Here again, the over-all coefficient, U, appears in the equation, and since it is not a one- 
term function of the physical properties of the fluid, a typical case must be chosen to 
evaluate the ratio 1°-"p"-*/U which is called Z. By using the same case as before, except 
that the linear velocity is held constant at 10 ft/sec for all coolants, which means that the 
number of tubes in parallel varies, the results shown in Table 5.3.5 were calculated. 
From the X, Y, and Z ratios shown in Tables 5.3.3, 5.3.4, and 5.3.5, it is clear that the 
power requirements differ widely for the four coolants under similar operating conditions 


Table 5.3.5— Values of Z for Various Coolants 


Relative No. of 


Coolant tubesin parallel v, lb/(hr)(ft®) h, Btu/(hr)(ft®)(F) Btu/(hr)(ft?)CF) Z 
Bismuth n 6130 2860 715 25.0 
Mercury 0.86n 7850 3920 767 26.6 
Sodium 1.43n 5250 6770 836 2.15 
LiCl-KCl 

eutectic 0.80n 1030 2060 652 6.9 


and for the same rate of heat removal. Since a heat-transfer fluid usually flows through 
two heat exchangers in series, one where it receives heat and the other where it releases 
heat, and since the combined pressure drop through the heat exchangers is much greater 
than that through the conduits, the Y and Z ratios have more significance than the X ratio. 
Of course, Y and Z were derived on the basis that kinetic losses were small, which may not 
always be the case. If the kinetic losses are not small, Y and Z should be given less con- 
sideration. Pressure drops resulting from kinetic effects are essentially proportional to 
the density of the coolant. The above calculated results may be summarized as follows: 

(1) For the same size of conduit, same length of conduit, same rate of heat removal, 
and same inlet and outlet temperatures, the relative power requirements of the four fluids 
are: 


Bismuth 7.50 
Mercury 5.50 
Sodium 1.95 
KCI1-LiCl eutectic 1.00 


(2) For a typical geometry, identical heat-transfer conditions, and the same rate of 
heat removal, the relative pumping power required to circulate the four fluids through a 
heat exchanger is: 
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n fixed v fixed 
Bismuth 6.27 11.6 
Mercury 3.68 12.4 
Sodium 1.33 1.00 
KCI-LiCl eutectic 1.00 3.21 


Although the above analysis is much simplified, it shows clearly that pumping-power 
requirements can vary greatly for different heat-transfer fluids and that even though the 
total pumping power actually delivered to the fluid may not be great in a given situation, 
the electrical power consumption may be appreciable owing to low pump efficiency. 


COMPARISON OF COOLANTS ON BASIS OF HEAT-TRANSFER CHARACTERISTICS 


For the same duty, geometry, and temperature, the size of a heat exchanger depends on 
the fluids passing through it, since the area required for heat transfer is inversely pro- 
portional to the over-all heat-transfer coefficient, itself a function of the physical prop- 
erties of the fluids. Table 5.2.4 gives values of U for a typical situation where the number 
of tubes in parallel is constant, and Table 5.2.5 shows the effect of keeping the linear ve- 
locity constant. The relative sizes (i.e., heat-transfer areas) of heat exchangers using one 
of the following fluids are: 


Relative sizes of exchangers 


n is fixed v is fixed 
LiCl-KCl eutectic 1.00 1.00 
Bismuth 0.835 0.912 
Mercury .788 .85 
Sodium .678 18 


For a fixed geometry, the holdup volume increases with the heat-transfer area of a heat 
exchanger, but the increase is not proportional owing to the header volumes. 

In the above discussion, the same tube-wall thickness has been assumed for all coolants. 
Because of corrosion considerations, however, this assumption may not be valid since it 
is possible for the good heat-transfer characteristics of a particular coolant to be nullified 
by a thicker or less conductive tube wall, necessitated by the coolant’s greater corrosive- 
ness. 


ARGUMENTS FOR AND AGAINST THE USE OF A SECONDARY COOLANT 


Heat can be transferred directly from the liquid fuel (primary coolant) to steam, or a 
second coolant may be interposed between these two fluids. The main advantages of the 
direct-transfer scheme are: 


(1) Elimination of primary heat exchangers. 
(2) Elimination of secondary coolant. 
(3) Elimination of piping and pumps for secondary-coolant circuits. 


The disadvantages are: 
(1) Probably greater opportunity for leaks in the fuel circuit because the fuel will have 
to flow through two or maybe three units in series, such as a superheater, reheater, and 


boiler. 
(2) Heavy reactor construction to withstand full steam pressures in case a leak devel- 


oped in any of the steam generating equipment. 
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(3) Assuming that the fuel flows inside the tubes and the water and steam outside to 
minimize fuel inventory, thick-shelled heat exchangers and costly steam-generating 
equipment must be provided. If the fuel flowed outside the tubes, this disadvantage would 
not exist. 

(4) Greater heat-transfer area and therefore greater fuel hold-up, since the steam 
generating equipment would have lower over-all heat-transfer coefficients than a liquid 
metal-to-metal heat exchanger. 

(5) Difficulty in reducing temperature gradients to avoid high thermal stresses. It is 
often desirable to produce steam at a temperature appreciably below the average tempera- 
ture of the liquid metal, and an intermediate heat exchanger is convenient to step down 
the temperature of the fuel stream at the high-temperature end. An intermediate coolant 
can provide greater flexibility of operation. 

(6) Radioactive steam. This aggravates steam-plant maintenance and presents a shield- 
ing problem. 

(7) Inferior heat-transfer characteristics and therefore larger steam-generating equip- 
ment than that conceivable with a secondary coolant. 


HEAT-TRANSFER EQUIPMENT 


Several types of heat exchangers can be used to transfer heat from the molten-metal 
fuel mixture in nuclear power systems depending on the nature of the heat-transfer proc- 
ess and the coolant. If a liquid metal is used as a secondary coolant, the heat exchanger 
may be of the shell-and-tube variety equipped with double-wall tubes with two or more 
passes on the tube side and baffled on the shell side. Since a high degree of reliability is 
demanded of these heat exchangers, they must be expertly designed and the thermal 
stresses held at safe maxima. Liquid metal-liquid metal heat exchangers are discussed 
in Section 2 of this volume. 


HEAT TRANSFER THROUGH PHASE CHANGE 


Another way of delivering heat from a molten-metal fuel to steam is to boil mercury 
with the heat released from the primary coolant, then to condense the mercury in and 
thereby supply heat to the steam-generating equipment. Good heat-transfer film coeffi- 
cients for both boiling and condensation are realizable, but the vapor lines required are 
prohibitively large, even at vapor velocities approaching 100 ft/sec. In fact, it appears 
that for nuclear power purposes heat transmission using the vaporization-condensation of 
mercury is out of the question because of the difficult problem of transporting the vapor. 
Even when the steam boiler is placed directly above the mercury boiler and the cross- 
sectional area of the vapor duct is as large as the boilers themselves, the scheme does 
not look promising. 


SPRAY-TYPE HEAT EXCHANGERS 


If the secondary coolant is a fused salt, it is possible to transfer heat from liquid 
bismuth by spraying the metal in fine droplets through the salt, thereby bringing the two 
fluids into intimate contact. With this type of heat exchanger, the chief problem is that of 
achieving good phase separation at desirable flow rates. Two versions of spray-type heat 
exchangers are shown in Fig. 5.3.1, one employing gravity separation and the other cen- 
trifugal separation. This type of heat exchanger, particularly the gravity-separation ver- 
sion, has been given some consideration by the Brookhaven Reactor Group, for it has 
features that make it peculiarly adaptable to LMFR. The high heat-transfer coefficients 
of spray-type heat exchangers mean low metal holdups. In addition, this system eliminates 
tubes and circumvents the thermal-stress problem. 
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Fig. 5.3.1— Direct-contact, Liquid-metal Salt Heat Exchangers. Submitted 
by BNL, Sept. 1952. 


The presence of the salt along with the liquid metal probably amplifies the corrosion 
problem and would be a serious drawback. Another conceivable disadvantage is the pos- 
sibility of carry-over of liquid metal by the salt and/or salt by the liquid metal. The 
latter phenomenon is more probable. Carry-over of salt by the bismuth in the case of 
LMFR would be almost intolerable because of reactor poisoning. However, the bismuth/ 
salt density ratio is about six and the other pertinent properties are sufficiently favorable 
so that satisfactory separation of the two phases by centrifugation may be possible. Such 
separation could probably be incorporated in the centrifugal pumps located in the exit 
metal and salt lines from the heat exchanger. There is a strong possibility that the Brook- 
haven Reactor Group will investigate experimentally the feasibility of the spray-type heat 
exchanger for application to LMFR if preliminary work on the hydrodynamics of droplet 
formation, phase separation, and salt creep on metal surfaces looks promising. 


STEAM-GENERATING EQUIPMENT 


In the direct heat-transfer system (no secondary coolant), the metai-fuel mixture re- 
leases its heat directly to boiling water and steam in steam-generating units. Under these 
conditions, the liquid-metal fuel should flow inside the tubes to conserve fuel. When a 
secondary coolant, such as sodium, is employed, however, the liquid metal-may be on the 
outside of the tubes, particularly in the superheaters. With liquid metal on the outside of 
the tubes, the required shell thickness is small, and the steam-generating units them- 
selves are usually smaller because of greater heat-transfer capacity. Where the steam- 
generating equipment is heated with the metal-fuel mixture or with an alkali metal, the 
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tubes should be double-walled. Possible exceptions would be the tubes in the superheater 
and re-heater when such units are “fired” with an alkali metal. To minimize thermal 
stresses, the number of passes on the tube side should be two or some multiple thereof, 
unless curved tubes are employed. 

If the secondary coolant is a heavy metal like lead, mercury, or bismuth, or a fused 
salt, the design of the steam generating equipment would be similar to that using alkali 
metals, except that the tubes need not be double-walled. 


CALCULATION OF HEAT-TRANSFER FILM COEFFICIENTS 


In this chapter, heat-transfer film coefficients were obtained from the following re- 
lationships: 
(1) Fused salts, inside tubes:? 


E = 0.023 (DG/u)"*(C,u/k)* (14) 
(2) Sodium, inside tubes:* 


=7.0+ 0.025(DGC,,/k)*-® (15) 


(3) Sodium, in-line flow outside tube banks: Same as for case (2) where: 
D = 4m 


(4) Sodium, cross-flow in tube banks: Film heat-transfer coefficients were obtained by 
making the simple assumption that the Colburn‘ equation, when used to determine outside 
film coefficients for an alkali metal flowing normal to tube banks, gave results which were 
as much too high as Eq. (14) above for the same metal flowing inside tubes. This has not 
been checked experimentally. The Colburn equation is used in the form: 


hD, 7 0,33(2¢ y"(Seeyi (16) 
h mW k 


(5) Bismuth, inside tubes:* 


5 


749+ 0.018(DGC,,/k)”"* (17) 


(6) Mercury, cross-flow in tube banks: Film heat-transfer coefficients were obtained 
similarly to case (4) above. 
(7) Mercury, in-line flow outside tube banks: By Eq. (17) above, where: 


D = 4m 


LMFR PLANT DESIGNS 


In general, the design of a nuclear power plant must be predicated upon high degree of 
plant reliability, minimized costs, and severe safety requirements. The Brookhaven 
Reactor Group has considered the problem of heat transfer in power-plant design for 


* This equation is obtained by multiplying the right-hand side of Eq. (15), the Lyon-Martinelli 
equation, by 0.7. In general, the experimental data which have thus far been obtained on the heavy 
metals indicate values of h about 30% lower than those predicted by the Lyon-Martinelli equation. 
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LMFR, and although no experimental work has yet been undertaken, several schemes 

_ have been studied, three of which are discussed below. One of the more difficult problems 
in the design of heat-transfer equipment for handling liquid metals, viz., that of minimiz- 
ing thermal stresses, is accentuated in LMFR because the temperature drop across tube 
walls in the boiler may vary greatly from one end to the other as a result of sensible heat 
being converted to latent heat. 


SCHEME A—MERCURY AS SECONDARY COOLANT 


For a liquid-metal-fuel reactor system like LMFR, mercury has certain real advan- 
tages, chief among which is that it does not react violently with water. Also, it has a 
reasonably low vapor pressure and is a liquid at room temperature. Its nuclear properties 
are satisfactory, although considerable shielding is required. The relative pumping-power 
requirements for mercury are about the same as those for bismuth for a given heat-re- 
moval rate and similar heat-transfer conditions. In this regard, mercury compares quite 
unfavorably with an alkali metal like sodium, which may require only '/,, to % the pumping 
power. The container problem with mercury is not serious but does exist. Like all heavy, 
weakly-reducing metals, mercury has a high electrical resistivity which makes it unsuit- 
able for electromagnetic pumping. In addition, it is a fairly toxic material and is very ex- 
pensive on a volume basis. 

The flow diagram of a hypothetical LMFR power plant using mercury as a secondary 
coolant is shown in Fig. 5.3.2. The uranium-bismuth fuel mixture leaves the reactor at 
950°F and is pumped through a number of heat exchangers operating in parallel (although 
three heat exchangers are shown, more would probably be used in a full-scale plant, i.e., 
one of 500 megawatts total heat rate). From the heat exchangers, the fuel mixture (at 
644°F) returns to the reactor. Gaseous fission products are removed in a vacuum de- 
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Fig. 5.3.2—— LMFR Power Plant Employing Mercury as the Secondary Coolant. 
Submitted by BNL, Sept. 1952. Fuel processing equipment not shown. 
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gassing chamber, and most of the remaining fission products are removed by extraction 
with a KCIl-LiCl salt mixture (fuel processing is discussed in Volume 4). (Equipment for 
these operations is not shown in Fig. 5.3.2.) 

In the heat exchangers, mercury at about 80 psia is heated from 553° to 860°F. It then 
flows through a steam superheater in which it is cooled to 811°F; after leaving the super- 
heater, a portion of the stream flows through a steam reheater. The two mercury streams 
then unite and flow through a throttling valve which reduces the pressure to about 20 psia. 
As a result of throttling, a portion of the mercury is vaporized at 700°F. This vapor is 
then condensed in Boiler No. 1, the condensate from which is united with the unvaporized 
mercury, and the combined stream is pumped through Boiler No. 2 where it is cooled to 
560°F. The mercury is then pumped back to the primary heat exchangers to complete the 
cycle. In practice, the steam-generating equipment would consist of multiple units, oper- 
ated in parallel. 

In this scheme, tube stresses are minimized by (1) using a reheater, (2) throttling the 
mercury, and (3) using double-walled tubes in the boilers. The annuli between the tubes 
are filled with mercury. 

The steam cycle in Fig. 5.3.2 calls for 600 psig steam with 390°F superheat at the 
turbine throttle, a reheat at 115 psia to 700°F, an exhaust to 1% in. Hg pressure, and re- 
generative feed heating with the condensate entering the boilers at 400°F. The chief pur- 
pose of the steam reheater is to transfer heat from the mercury to the steam at a high 
temperature under conditions where the temperature drop across the tube walls does not 
vary much from one end of the heat exchanger to the other. If the high-temperature mer- 
cury were fed to a 600 psig steam boiler, the temperature drops across the tube walls 
would be prohibitively high. There is no tube-stress problem in the first boiler because 
of the uniform over-all temperature drop. Thus, of the five heat-transfer units in Scheme 
A, only the No. 2 boiler has a large variation in over-all temperature drop from 70°F at 
the mercury exit to 210°F at the mercury inlet. If necessary, to lower the thermal stress, 
the pressure in one or both of the boilers may be raised. If the high-pressure steam is 
above the optimum pressure for most economic operation, it could be throttled to the de- 
sired pressure before expansion in the turbines. As a satisfactory compromise between 
economic and engineering considerations, the Brookhaven group decided to work with 
600-psig, 800°F (390° superheat) steam. 

It is obviously essential to keep the fuel inventory as low as possible. The U-Bi holdup 
in the reactor is determined by nuclear considerations, but the holdups in the. conduits 
and heat exchangers are determined by engineering design. The holdup in the conduits 
may be determined by two factors: the maximum velocity permissible from pumping and/ 
or erosion standpoints and the possible need for incorporating thermal pumping. In the 
primary heat exchangers, holdup is essentially a question of manifold, header, and ex- 
changer geometry. Theoretically, the optimum conduit size would be determined by an 
economic balance between fixed charges on the U-Bi holdup and piping on the one hand 
and pumping costs on the other, but in all probability, the velocity in the conduits would 
be determined by corrosion-erosion considerations. A similar situation exists for heat- 
exchanger design. From economic and shielding standpoints, it is also desirable to keep 
the mercury inventory as low as possible. 

Typical shell-and-tube heat-exchanger design conditions are given in Table 5.3.6, and 
a typical set of design conditions for the bismuth circuit is given in Table 5.3.7. 


SCHEME B-—SODIUM AS SECONDARY COOLANT 


Compared to mercury, sodium has one outstanding disadvantage as a secondary coolant 
for LMFR and that is its violent reactivity with water; another disadvantage is that it is a 
solid at room temperature. Its physical properties, however, are such that it has ex- 
cellent heat-transfer characteristics with low pumping-power requirements; it also has 
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Table 5.3.6 — Design Conditions and Calculated Results of Shell-and-tube Heat 
Exchangers for LMFR 


Secondary coolant Mercury 
Number of passes on tube side One 
Heat rate 300 Mw 
Temperatures 
Bismuth, inlet 510°C, 950°F 
Bismuth, outlet 340°C, 644°F 
Mercury, inlet 290°C, 553°F 
Mercury, outlet 460°C, 860°F 
Velocities 
Bismuth, in tubes 5 ft/sec 
Mercury, max. normal to tubes 2.5 ft/sec 
Mercury, in-line with tubes 2.5 ft/sec 
Tube data 
ID 0.500 in. 
OD 0.875 in. 
Spacing on triangular lattice 0.250 in. 
Material of construction Croloy 5-Si 


Thermal conductivity 
Maximum thermal stress 


Pressure drop across heat exchanger on Bi side 


15 Btu/(hr)(ft)(F) 
4000 lb/sq in. 
18 lb/sq in. 


Number of heat exchangers in parallel 3 
Length of tubes 16 ft 
Diameter of heat exchangers 5 ft 
Bismuth holdup 58 tons 
Mercury holdup 160 tons 


Table 5.3.7 — Typical Set of Design Conditions for U-Bi Circuit in LMFR 


Heat rate 300 Mw 
Velocity in conduit and manifold 10 ft/sec 
Diameter of conduit 2.31 ft 
Effective height of convective loop 8 ft 
Over -all height of total assembly 33 ft 
Total length of piping, exclusive of heat exchanger manifold D2 ft 
Pressure drops 
Across reactor 4 1b/sq in. 
Across main conduits and heat exchanger manifolds 6 lb/sq in. 


Across heat exchanger 


19 lb/sq in. 


Total 29 1lb/sq in. 
Pumping power input to bismuth 320 hp 
Holdups 

Reactor 44 tons 

Conduit 67 tons 

Manifolds 24 tons 

Heat exchanger (mercury) 98 tons 

Total 193 tons 
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low cost. Two other advantages are that sodium can be efficiently pumped with electro- 
magnetic pumps and that it can be contained in 18-8 stainless steel. A disadvantage is 
the fairly high level of gamma radiation induced when sodium is exposed to high neutron 
fluxes, but in this respect it may not be much worse than mercury. Although this calls 
for appreciable shielding, this usually is not a determining factor. While sodium is a 
solid at room temperature, NaK, which has heat-transfer characteristics similar to those 
of sodium, melts at 12°F. Possibly, NaK would require more shielding. Although this 
discussion pertains to sodium it applies in principle to NaK also. 

As a result of the work of the General Electric group at KAPL, firing steam-generating 
equipment with molten sodium is no longer considered to present serious difficulties. The 
problem is solved by using double-walled tubes and filling the annulus between the two 
walls with a third fluid, such as mercury or the lead-bismuth eutectic, at a pressure be- 
tween that of the sodium and that of the water. In the event of a break in a tube wall, leak- 
age would thus be from the water to the annulus and from the annulus to sodium and would 
be readily detected by sensitive instruments. Compared to the hazard in the steam boilers, 
that in the superheating equipment is far less serious because of the relatively small 
masses of water vapor contained therein. The effect on the design of the heat exchanger 
described in Table 5.3.6 when the secondary coolant is changed from mercury to sodium is 
shown in Table 5.3.8. From the standpoint of the primary exchanger, sodium is highly ad- 
vantageous. 

A typical power-plant layout for a liquid-metal-fuel reactor employing sodium as the 
secondary coolant would be identical, in most respects, with that shown for mercury in 
Fig. 5.3.2, the only major changes being in the steam-generating equipment. The exit 
sodium from the heat exchangers would flow consecutively through the superheater, re- 
heater, and boiler units, all identical units being connected in parallel. Steam conditions 
and over-all total coolant temperature drop are the same as those for the mercury 
scheme. All steam-generating equipment would be of double-walled tube construction 
with an even number of passes on the tube side. The radioactivity of the sodium and its 
explosive chemical reactivity with water call for very careful design and arrangement 
of the steam generating equipment, especially the boilers. 


SCHEME C—COMPROMISE DESIGN TO MINIMIZE FUEL INVENTORY 


For the nuclear-power-plant design described in Fig. 5.3.2 and Table 5.3.7, it is at 
once apparent that the U-Bi inventory is quite large. It is further evident that nearly half 
of this inventory can be attributed to the hold-up in conduit and manifolds. Figure 5.3.3 
illustrates a nuclear-power-plant system which nearly eliminates this type of fuel holdup 


Table 5.3.8— Effects of Changing from Mercury to Sodium as Secondary Coolant on Primary 
Heat Exchanger* Characteristics 


Characteristics Mercury (scheme A) Sodium (scheme B) 

Heat rate, Mw 300 300 

Coolant film heat-transfer coefficient, Btu/(hr)(ft)* (°F) 3000 7700 
Over-all heat-transfer coefficient, Btu/(hr)(ft)* (°F) 430 470 

Length of tubes, ft 18.6 17.0 
Bismuth holdup in tubes, tons 48 44 
Secondary coolant holdup, tons 160 9.75 
Secondary coolant cost, $/lb 2.75 0.17 
Power necessary to pump coolant, hp 36 11 


*Design of the heat exchanger is described in Table 5.3.6 
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and thereby achieves a very great reduction in U-Bi inventory. In this scheme, the liquid- 
metal-fuel mixture flows vertically through the reactor, leaving it at a temperature of 
510°C to enter a tubular heat exchanger located directly above the reactor. In this ex- 
changer, heat is transferred to liquid sodium, which then becomes the heat source for 
steam superheating and reheating units. Half of the fuel stream, now at about 470°C, flows 
through each of two side loops in which saturated steam is generated by direct heat trans- 
fer from the fuel to the steam. From the side loops, the fuel mixture (at 350° C) is returned 
to the bottom of the reactor core by means of centrifugal pumps. Typical values describing 
the design and performance of such a reactor system are given in Table 5.3.9. 


Table 5.3.9— Typical Set of Design and Operating Conditions for Reactor Heat-transfer 
System Described Under Scheme C 


Heat rate 300 Mw 
Linear velocity of U-Bi fuel mixture outside tubes 10 ft/sec 
Linear velocity. of sodium in tubes 20 ft/sec 
Tube data 
ID 0.250 in. 
OD .500 in. 


Spacing on triangular lattice 
Material of construction 
Thermal conductivity 


200 in. 
‘‘Croloy’’ 5-Si 
15 Btu/(hr)(ft)(°F) 


Temperatures 
Bismuth, outlet reactor core 510°C, 950°F 
Bismuth, inlet reactor core 340°C, 644°F 
Sodium, inlet 371°C, T00°F 
Sodium, outlet 448°C, 840°F 
Saturated steam 252°C, 486°F 
Approximate height of fuel-sodium heat exchanger 12.0 feet 
Approximate diameter of fuel-sodium heat exchanger 3.0 feet 
Approximate height of boilers 18.5 feet 
Approximate diameter of boilers 2.2 feet 
Approximate bismuth inventory 100 tons 
Number of tubes in parallel 2080 


The chief objective of this design is to minimize fuel inventory and plant investment at 
some expense of plant flexibility and reliability compared to the design shown in Fig. 5.3.2. 
The distinguishing features of Scheme-C design are summarized briefly as follows: 

(1) The heat exchangers are essentially suspended tube bundles, which can be lifted out 
of the reactor system without dumping the fuel and replaced with minimum difficulty. 

(2) The tubes in the heat exchangers are either U-shaped or multipass to minimize ther- 
mal stresses, and all welds are located in the gas space above the liquid metal. 

(3) The fuel flows outside of the tubes. By using a fuel flow inside the tubes, the in- 
ventory would be reduced still further, but this would mean more complicated construction, 
welded tube-sheets submerged in the fuel, and greater possibility of plugging. 

(4) Pressure drops through the heat exchangers are minimized by having the fuel flow 
chiefly parallel to the heat-exchanger tubes. 

(5) The heat used to superheat and reheat the steam is first transferred to sodium and 
then to the steam. Direct heat transfer from the fuel to dry steam would require some- 
what larger heat exchangers because of the low heat-transfer coefficients on the steam 
side. This is not true of the boiler, where the steam-side coefficients are of the same 
order of magnitude as those for liquid metals. While direct heat transfer from fuel to 
steam eliminates an appreciable investment, it has the disadvantages discussed earlier 
in this chapter. 


786 


ENGINEERING DESIGN CHAP. 5.3 


(6) The basic heat-transfer scheme illustrated in Fig. 5.3.3 is presumably suitable 
for either a solution-type or slurry-type fuel, i.e., for breeding only in the blanket, only 
in the core, or partly in each. 

(7) In the figure, the pumps are shown located at the bottom of the reactor system, 
which means that the fuel must be dumped before they can be removed. It is also possible 
to locate additional pumps at the tops of the loops. This would provide added reliability 
and flexibility of operation. Bottom pumps are desirable, however, for filling the reactor 
and helping to prevent settling of particulates, 

(8) Although the flow of the metal fuel mixture will realize a certain amount of thermal 
pumping power, this power is not sufficient to circulate the metal at the necessary rate 
in the event of a power failure. This means that standby power must be provided by bat- 
teries. 


SCHEME D-HEAT EXCHANGE WITH IMMISCIBLE FLUIDS 


All schemes for carrying out this type of heat transfer consist of first dispersing the 
metal in a fused salt and then separating the two phases. Dispersion can be achieved by 
high-velocity flow through spray nozzles in a pipe or chamber, and phase separation can 
be effected by either gravity or centrifugal action. Figure 5.3.4 shows a flow diagram of 
a nuclear-reactor power plant using KCI-LiCl eutectic as the secondary coolant and a 
simple spray, gravity-separation type of heat exchanger. The centrifugal pumps in the 
salt and metal streams leaving the exchanger can be so designed that final phase sepa- 
ration of both streams is accomplished by centrifugation. Aside from the primary heat 
exchanger, the plant layout in Fig. 5.3.4 is similar to that where sodium is the secondary 
coolant. 
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Fig. 5.3.4 — LMFR Power Plant Employing Spray-type Heat Exchanger with 
Salt. Submitted by BNL, Sept. 1952. Removal of fission-product gases not 
shown. 
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The outstanding advantages of the liquid metal-salt type of intimate-contact heat ex- 
changer as applied to LMFR are: 


(1) Considerably reduced fuel inventory because of high heat-transfer coefficients. The 
metal-to-salt heat-transfer coefficients may be as high as five times those for conven- 
tional shell-and-tube heat exchangers. 

(2) Removal by the salt of most of the fission products from U-Bi fuel mixture. There 
is no need to remove a side-stream of metal for fuel-processing purposes. 

(3) Less opportunity for leaks in fuel circuit because there are no heat-exchanger 
tubes or troublesome tube-sheet welds. 

(4) Higher steam pressure and thermal efficiencies because the temperature of the 
heated salt can conceivably be very close to the highest fuel temperature. 

(5) The possibility of maintaining the fission-product concentration in the U-Bi mixture 
so low that shut-down temperature rise will not require any auxiliary cooling equipment. 

(6) No thermal stress problem, since tubes are eliminated. 


The disadvantages are: 


(1) High level of radioactivity in secondary coolant system because of a large holdup of 
fission products in the salt stream. This means appreciable shielding requirements. 

(2) Carryover of salt with the metal and metal with the salt. It is presumed that final 
phase separation can be achieved by centrifugal action or other means. If this should not 
turn out to be the case, this type of heat exchanger would be eliminated from consideration. 

(3) Possibility of salt “creep” on metal surfaces. This problem may be more apparent 
than real and solved without undue difficulty. 

(4) A definite corrosion problem. In addition to corrosion by the individual liquids, the 
metal-salt mixture may possibly be even more corrosive. 


A few other factors are pertinent but not determining. There is a slight possibility that 
the presence of delayed neutrons in the salt in the steam-generating equipment would 
induce some radioactivity in the steam. Such radioactivity is expected to be very minor, 
however, because of the long holdup time of the neutron-emitting fission products from 
the time they are produced in the reactor to the time they appear in the steam boiler. 

Because it must be very pure, the salt is expensive, somewhere between $1.00 and 
$1.50/lb. The salt would remove a certain amount of uranium from the metal-fuel mix- 
ture, but the total amount of uranium so removed would be the same as for side-stream 
processing when the total salt used would equal the salt holdup in the salt-spray system. 
This assumes that the concentration of fission products in the salt is the same in both 
cases. In the salt heat-exchange system, the concentration of fission products in the salt 
might be lower because of the much greater quantity of salt involved. 


SPECIAL EQUIPMENT FOR LIQUID METAL FUELS 
(Chad J. Raseman) 


PUMPS 


A list of references® pertaining to pumps for liquids has been compiled by the Atomic 
Energy Commission. This compilation has been organized by headings which indicate 
anticipated applications, namely, “Hot” Solution Pumps, Liquid Metal Pumps, Slurry 
Pumps, Water Pumps, and Miscellaneous. The majority of the references pertain to 
work conducted at AEC laboratories. In the case of liquid-metal pumps, which can be 
classified as mechanical or electromagnetic, a good deal of development work has been 
done by the Fairchild Engine and Airplane Corporation— NEPA Division, the Allis-Chalmers 
Company, and the Babcock and Wilcox Company. 
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MECHANICAL PUMPS 


Most pump development work has been aimed at pumping sodium or sodium-potassium 
alloys. The most serious problem relative to the design of a mechanical, liquid-metal 
pump appears to be that of suitable bearings and seals. 

Bismuth was pumped by NEPA in 1950.° The system was operated for 37 hr; the maxi- 
mum flow rate measured was 2 gpm; the maximum head developed was 66 psi; and the 
maximum bismuth temperature reached was 1765°F. The pump was a modified Browne 
and Sharpe No. 206, machine-tool-coolant pump. 

In another experiment,’ NEPA circulated bismuth with a 50-gpm centrifugal pump for 
100 hr at a mean temperature of 1500°F with a temperature differential of 500°F. An 
accumulation in the sump of a residue high in oxide content and dissolved elements re- 
duced the flow and forced suspension of operation. This residue probably resulted from 
an impure inert atmosphere above the liquid metal. The containing material selected was 
type-347 stainless steel which had shown some promise in bismuth solubility tests at 
temperatures up to 1800°F. 

The California Research Corporation made a survey of the various types of punips that 
might be used for liquid bismuth and came to the conclusion that a centrifugal pump would 
best fit the need. A test unit was built that operated for 1037 hr, and a report? stated that 
the centrifugal pump proved to be a very satisfactory means for circulating bismuth in an 
isothermal system at 700°—750°F. The pump, designed and built by the Byron Jackson 
Company, is shown in Fig. 5.3.5. The pump and driver are on a common shaft, the shaft 
being top-suspended with all bearings in the motor chamber. Space was provided for a 
labyrinth to separate the pump chamber from the motor chamber, although no seal was 
used during operation. Table 5.3.10 lists the design conditions. Typical characteristic 
curves for the pump are shown in Fig. 5.3.6. The head-capacity curve had a shut-off head 
slightly lower than the maximum head in the performance test conducted by Byron Jackson 
with water as the fluid. 


CANNED-ROTOR PUMPS 


The Allis-Chalmers Manufacturing Company believes it has a canned-rotor-pump de- 
sign suitable for pumping bismuth or molten salt at temperatures as high as 1000°F. 
Allis-Chalmers has built a leakless, canned-rotor pump that is rated at 3800 gpm against 
a 165-ft head of sodium. The canned-rotor pump has also been discussed in the Homoge- 
neous Reactor Project Quarterly Progress Reports. In the long-range homogeneous re- 
actor program, emphasis is shifting from 4000-gpm circulating pumps to those of larger 
capacity (20,000 gpm). 


ELECTROMAGNETIC PUMPS 


In the early days of the project, a magnetic pump for bismuth was described by B. Feld 
and L. Szilard.? Design calculations were also made for a cylindrical electromagnetic 
pump (6-coil, 3-phase, 12.5 cycles/sec) with a bismuth flow of 3200 gpm and efficiency 
of 22 percent, ’° These calculations were only preliminary and not to be taken as a prac- 
tical working design. They merely indicate the methods used for, and the variables in- 
troduced into, the design of an actual pump. 

The poor electrical characteristics of bismuth compared to those of sodium or NaK 
have generally ruled out the use of large electromagnetic pumps for this material. The 
uncertainty of “wetting” between bismuth and container walls also made the choice of 
large electromagnetic pumps questionable. 

The Fuel Processing Group of Brookhaven National Laboratory required a pilot-plant 
pump that would circulate uranium-bismuth fuel with absolutely no leaks. The U-Bi fuel 
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Fig. 5.3.5 — Molten-metal Pump; Canned-motor, Direct-drive, Centrifugal, 
2-in. Pipe Size. Design by Byron Jackson Co, Submitted by BNL, Sept. 1952. 
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Table 5.3.10— Pump Design Conditions 


(J. E. Walkey, Design, Construction, and Operation of Molten Bismuth Test 
Pump, Calif. Res. Corp., SPL-51 : 28, Oct. 9, 1951) 


Liquid temperature 800°F 

Liquid specific gravity 10 

Liquid viscosity 1.7 cp 

-Flow rate 50 gpm 
Suction pressure 15 psia 
Differential 100 psi 
Differential head 22 ft of liquid 
Discharge pressure 115 psia 


was eventually to be circulated through an experimental hole in the Brookhaven reactor 
where fission products and polonium would be generated. Since a small flow rate of ap- 
proximately 1 gpm was desired and efficiency was of little regard, it was decided to try 
an electromagnetic pump. 

An experimental loop'' was set up to circulate “cold” U-Bi by means of a General 
Electric Model G-4 AC electromagnetic pump. This loop ran continuously for 2400 hr. 
During the first 160 hr, the rig was operated isothermally at a temperature of 340°C; 
during the remainder of the time, the loop was run isothermally at 450°C. The U-Bi 
solution was circulated for most of this period at a rate of 1 gpm by means of the elec- 
tromagnetic pump. There were no signs of plugging or flow restriction. 


VALVES 


The standard-stem, packed, gate valves used in early NEPA bismuth tests® proved that 
special valves would be required for successful liquid-bismuth operation. High leakage 
rates through the packing caused maintenance difficulties throughout the tests. 

A 1¥,-in., Fulton-Sylphon, bellows-type, stainless-steel valve was cycled 1000 times at 
the rate of 77 times/min against bismuth at a temperature of 1000°F and a pressure of 
25 psig. No failure of the bellows or other valve parts occurred. 

NEPA also checked valves for metal-to-metal self-welding effects.'? Tests of valve 
operation reached 1500°F with liquid bismuth on standard Stellite-faced poppets and seats 
without indication of self-welding effects. 

The use of bellows-sealed valve stems is probably the solution to most liquid-metal 
valve applications. Two or more bellows in series is one method of guarding against 
bellows failures, and special pickup devices are used to indicate a leak in either bellows.' 
Bellows tests at Argonne National Laboratory’! have shown the following facts: 

(1) In nearly all cases, failures occurred at a weld; therefore, bellows with the least 
number of welds are favored. However, mechanically formed bellows should be examined 
for cracks and other flaws that may be introduced in the forming. 

(2) There was no evidence that corrosion played a part in the failure of any bellows. 

(3) The predominant factor determining bellows life is the relative amount of travel. 
(4) Other factors affecting bellows life are temperature and the relative distribution 
between compression and extension. It was found that the outer bellows failed before the 

inner bellows which operated at a higher temperature. 

(5) Some bellows designs had not failed up to 10° cycles, at which point the test was 
stopped. 
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Oak Ridge National Laboratory has reported on the use of special high-temperature 
packing’ for valve stems. This packing consists of successive layers of Inconel braid, 
graphite, nickel powder, and another layer of Inconel braid. 

It has been shown at practically all AEC activities that two sections of a circulation 
system can be isolated from each other by freezing a short section of connecting pipe. 
This plug can be remelted and flow resumed after a short wait. If mass-transfer cor- 
rosion or other solubility limits are approached, the use of freeze plugs should be care- 
fully examined. 


PIPING 


Complete procedure specifications have been prepared by Brookhaven National Labo- 
ratory for special heliarc welding of A.I.S.I., type-347, stainless steel pipe, fittings, and 
vessels for use with liquid metals and liquid salts. This procedure was. developed through 
cooperation with the Metallurgy Division of ORNL. 

Liquid-metal and liquid-salt systems should be of all-welded construction. Experi- 
mental and operating procedures, however, often make it advantageous to have removable 
joints. An oval cross-section ring for a flanged joint was used by NEPA’® in a bismuth 
system between 520° and 660°F and at 300 psig. There were no leaks, and the flange was 
easily disassembled. 

Flanged joints were also used successfully by the California Research Corporation® 
on 1¥,-in. piping containing bismuth at 700°—750°F. 

The ability of liquid metals and liquid salts to leak through extremely small openings 
has made the use of helium, mass-spectrometer, leak testers or halogen-type leak de- 
tectors practically a specified test step. 

North American Aviation!” successfully circulated molten bismuth in an all-graphite 
thermal loop for two weeks with the hot leg at 1500°C and the cold leg at 1000°C. No 
serious attack on the graphite was noted. Graphite sections were joined with MoSi, ce- 
ment. A larger dynamic all-graphite system is under construction. 


HEATING EQUIPMENT AND INSULATION 


Keeping the entire piping system above the melting point of its contents is another re- 
quirement and is most easily done by winding the pipes and vessels with resistance 
heating wire designed for this purpose. For ease in handling, the insulation of this re- 
sistance wire is armored with a woven wire sheath. Where high-intensity heat is re- 
quired, special strip or tubular type heaters can be used. Induction heating has been 
used with good results on bismuth.’ 

Samples of twenty-six Johns-Manville insulating materials were tested for possible re- 
action with molten bismuth.'® In general, the results indicated that little or no reaction, 
particularly of an explosive nature, occurred when molten bismuth at 1832°F came into 
contact with the unheated materials but that none of the materials would withstand contact 
with the bismuth when both were at 1832°F for more than a few hours. Greatest resistance 
to bismuth attack was shown by three types of asbestos millboards. 


CLEANING OF EQUIPMENT 


Owing to the corrosive nature of most liquid metals, the type of container employed and 
the condition of the container-liquid interface is of great importance. The presence of 
oxygen in a liquid-metal system, either in a dissolved form or as the oxide, can accel- 
erate the attack upon the container material to varying degrees. Other impurities, soluble 
and insoluble, can have similar effects in catalyzing the reaction between molten metal 
and adjacent container walls. As a result, it is desirable to remove all foreign material 
from a liquid-metal system before charging. 
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The Committee of Stainless Steel Producers of the A.I.S.I. reported!® several recom- 
mended procedures for cleaning stainless steels. They place impurities and methods of 
removing them into five categories. The more important groups include: 

(1) Ordinary dirt, grease, soot and product residue from stainless equipment that 
operates at low temperatures. Agents—ordinary soap and water (with or without detergent) 
applied with sponge, fiber brush, or cloth. To hasten action, add either soda ash, baking 
soda, sodium perborate, TSP, or any of several non-abrasive commercial cleansing agents. 
For non-water-soluble substances, try CCl, acetone, gasoline, ether, alcohol, and the like. 

(2) Splatter or condensed vapor that has “baked” onto equipment. Agents— sometimes, 
above methods may be used. Also suggested is a polish made with water and NH; as liq- 
uid, and either Bon Ami, MgO, finely powdered pumice or French chalk as solid. For 
more resistant deposits, use either stainless-steel scouring sponge or stainless-steel 
wool of the finest texture available. Do not use common-steel wool, scouring pads, scrap- 
ers; wire brushes, files or other steel tools. They may mar the surface or leave small 
particles of iron embedded in the stainless steel. Rusting of these particles will cause 
stains. Marred surfaces collect dirt more rapidly, become progressively more difficult to 
clean, and open the way to corrosive attack. 

(3) Grease, oil and foreign matter in drains, vats and piping, where it is difficult to 
scrub by hand. Agents—use of a strong cleaning solution, followed by thorough rinsing, is 
suggested. With water-soluble materials, 4- to 6-percent solutions of Na metasilicate, 
TSP, Na metaphosphate or Na pyrophosphate produce excellent results. For non-water- 
soluble materials, try CCl,, naphtha, trichlorethylene, acetone, kerosene, gasoline, ether, 
alcohol, or benzene. For truly stubborn deposits of organic or carbonaceous deposits, use 
10- to 20-percent HNO,. After using any strong solution, flush thoroughly with plenty of 


water. 
The Oak Ridge technique”° for decontaminating stainless steel or removing stains, is in 


general, somewhat more severe since it is more essential to remove radioactive material 
than to be concerned about subsequent extensive corrosion. Their methods are: 

(1) Free high-pressure steam and water wash. 

(2) Oxalic acid—5-percent and 2-percent solutions at 100°C. 

(3) Citric acid—3-percent and.1-percent solutions at 100°C. 

(4) Ammonium bifluoride—1 to 2 percent at 60°C for '/ hr. 

(5) Ammonium fluorosilicate—4-percent or 5-percent HNO, at 100°C for 1 hr. 

(6) NaOH—30-percent or 10-percent citric acid at 100°C. 
The use of 0.5- to 1-percent HCl for less than 15 min as light pickling bath and hydrogen 
passed through very hot evacuated pipes as a reducing agent have also been suggested. 

In application, some of the above methods are too harsh or difficult to apply. The Oak 
Ridge procedures and others”! would probably etch most stainless steels. This could con- 
ceivably result in preferential corrosion attack by the molten metal. The same may be 
said for the HCl wash. If it is necessary to remove the passivating coat of oxide that is 
frequently associated with stainless steels, it may be necessary to employ the hydrogen 
reduction technique at elevated temperatures. The dilution of hydrogen with helium or 
argon would probably be a desirable safety feature. 

The BNL procedure has been: 

(1) Thorough trichlorethylene washing to remove non-water-soluble material. 

(2) Detergent wash to remove all other soluble material. These washes are physically 
removed, rather than evaporated away. 

(3) Water rinse. 

(4) Acetone rinse. 

(5) If possible, rinse system with liquid metal or salt to be used. 
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HANDLING 


Liquid-metal systems should be designed so that they can be completely drained and 
vented. This makes precleaning, loading, and unloading operations easier to perform. 

Bismuth should be added by means of a charging tank and inert-gas pressure. A sin- 
tered, stainless-steel filter in the charging tank discharge line will remove insoluble im- 
purities. 

If possible, gravity-dumping designs should be used as pressure-dumping has on sev- 
eral occasions caused excessive loss of liquid metals through leaks that were the cause of 
the shutdown. 

After the system has been drained and, if necessary, decontaminated, inert gas is main- 
tained at a slight pressure in the system. Repairs may then be made with a minimum of 
harm to the interior of the rig. 


SAMPLING EQUIPMENT 


Nonradioactive sampling has been accomplished by use of evacuated, glass tubes that 
have a fragile tip at one end. The samples are taken by immersing the sealed tube in the 
molten metal or salt and then breaking the glass tip against the side or bottom of the ves- 
sel. Because most metals and salts attack glass to varying degrees at high temperatures, 
use of this technique is limited. 

A molten-fuel sampler'® which has been used successfully during the filling of a con- 
vection loop consists of a heavy-walled, 100-cc, graphite crucible held between two metal 
flanges with the required transfer and gas-pressuring line attached. A spark-plug-type 
level device is used to indicate when the required quantity of sample has been taken. 

Another sampler has been designed by the same group that will permit repeated sam- 
pling of an operating system. In this design, molten fuel drips continuously through the 
sampler and a vial is shifted to catch the drops when desired. 

A sampler for radioactive liquid metals has been designed at KAPL.”* This device will 
have sufficient shielding to allow 1-gm samples to be taken at an activity level of 50 mc/gm. 


INSTRUMENTATION 


Successful operation of high-temperature systems circulating molten metals or salts 
depends to a large extent on new instruments developed for the unique operating conditions 
encountered. 

Pressure can be measured by conventional pressure gauges in conjunction with seal 
pots that transmit the pressure from the liquid to trapped inert gas. Each seal pot can be 
equipped with one or more liquid-level indicators. Differential pressure can be indicated 
by the null-balance-type of pressure gauge connected to the molten liquid by means of a 
seal pot. 

Another pressure instrument uses a sealed-pressure transmitter which maintains a 
pressure balance across a diaphragm, and the balancing pressure is measured. 

An electromagnetic pressure gauge has been designed by L. B. Vandenburg at the 
Knolls Atomic Power Laboratory.” A small DC electromagnetic pump produces high- 
pressure liquid metals to oppose the pressures to be measured. Pump pressures greater 
than the opposing pressure cause liquid metal evacuation of a vacuum-tight inlet tube 
which also serves as a pump armature circuit inlet lead. The additional electrical re- 
sistance in the armature circuit caused by the evacuating tube restricts the armature 
current. The armature current is proportional to, and controls, the pump pressure out- 
put. An equilibrium condition resuits where the pump pressure automatically balances 
the pressure to be measured, and the armature current indicates the pressure to which 
it is proportional. 
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FLOWMETERS FOR LIQUID METALS 


Three general techniques are employed for the measurement of liquid-metal flow rates. 
These include: 

(1) Conventional orifice-plate meters. 

(2) Rotameters with electrical transmitter and remote dial indicator. 

(3) Electromagnetic flowmeters. 

The pressure taps associated with the orifice plate are not readily adaptable to a pres- 
sure-sensitive indicator. Because of the danger of contacting the instrument with molten 
metal, some intermediate container is required as a holdup and catch tank. Seal pots, in 
which the levels are kept more or less constant by bleeding inert gas into or out of the pot, 
can be used for this purpose. The gas pressure required to maintain these levels can be 
conveniently read on a conventional pressure gauge. 

A type of rotameter has been employed by KAPL and NEPA, presumably for liquid 
sodium and bismuth, respectively. The device, designed by Fischer and Porter Co., per- 
mits the impulse to be electrically transmitted to a remote dial indicator. 

An electromagnetic flowmeter has been designed and analyzed theoretically by General 
Electric Company Laboratory and by Babcock and Wilcox on a NEPA contract. A perma- 
nent magnet is mounted around the pipe through which molten metal is flowing, with the 
faces of the magnet creating a field perpendicular to the pipe. Two leads are welded to 
the pipe wall, mutually perpendicular to both the pipe and magnetic flux. The electromotive 
force generated by the molten metal when cutting the lines of flux is picked up by the leads 
and can be transmitted to any potential-sensitive instrument. The theoretical analysis of 
this type of flowmeter agrees within 6 percent of experimental results. 


LIQUID-LEVEL INDICATORS 


Determination of liquid levels in a closed, metallic system, such as that generally en- 
countered in liquid-metal work, can be approached either as a single-level problem or as 
a continuously indicating level problem. The requirements for the former are: 

(1) A metallic probe, preferably of the same material as the metallic container. 

(2) High-temperature insulation between the probe and the vessel whose liquid level 
is to be found. 

(3) A gas-tight seal between insulation and both adjacent metallic parts. 

(4) An appropriate external circuit to note the attainment of the particular level. 

Experience at Brookhaven has shown that the most successful manner for providing both 
good insulation and a satisfactory high-temperature seal is the use of automotive spark 
plugs, specifically, the Firestone “Chromalox” type. It is suggested that the seal be re- 
moved from direct contact withthe heat source by means of an appropriate pipe extension. 
A stainless-steel probe can be welded to the spark plug after removal of the bent side 
electrode. The external circuit consists of a transformer, relay, and indicating lights. By 
the use of two probes and interlocked relays, it is possible to indicate a level beneath the 
lower probe, between probes, or above the upper probe. 

The continuous level indicators are of three general types: 

(1) A manually adjustable probe with appropriate gasket seal. 

(2) A type depending upon the change of electrical resistance of a probe as more of it 
is short-circuited from the electrical path by the rising molten metal. 

(3) An electromagnetic type, which is in essence a transformer whose secondary cur- 
rent changes as the liquid level rises. 

At Brookhaven, these techniques are currently being tested. At the present time, the 
electromagnetic type looks most promising, since it affords an OPPORTUnIY for recording 
the output (millivolts) continuously. 
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RADIATION MEASUREMENT 


A neutron detector that operates at high temperatures has been built by the General 
Electric Company.” Hanford tests of the neutron chamber were successful.”® 

Other tests”® on ion chambers have established that they will withstand temperatures 
of 700°C without damage and will operate penne in the range of 350° to 400°C de- 
pending on the current drawn. 

Bremsstrahlung activity associated with a molten-lithium experiment has been meas- 
ured by ionization chambers.”' The chambers operated adjacent to lines that were con- 
ducting the molten lithium at a temperature of 1000°F. 


OPERATIONAL PROBLEMS 


The findings of an evaluation survey of operational problems associated with the use 
of bismuth and lithium as reactor coolants have been presented in a NEPA report.”® This 
report lists references which pertain to items such as the polonium hazards resulting 
from neutron irradiation of bismuth. Polonium, a short half-life alpha emitter, is one of 
the most poisonous substances known and, therefore, constitutes a grave handling problem 
when present in the slightest quantity. 
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AUTHOR’S PREFACE 


While the use of fused salts in industrial applications is not uncommon, most of the fa- 
miliar salt systems are of little interest from the standpoint of nuclear reactor applica- 
tions. Considerable attention has, however, been given to molten chlorides, fluorides, and 
hydroxides as possible reactor fluids and for use in certain chemical processing applica- 
tions at temperatures in the vicinity of 800°C. The results indicate a promising future for 
fused salts. 

This section reviews and tabulates the best measurements on fused salts as compiled 
from the project literature available at the beginning of 1953. Particular emphasis has 
been placed on salt mixtures under consideration as solvents or carriers of fissionable 
materials, as moderating fluids, and as high-temperature heat-transfer fluids. 

Many of the investigations pertaining to the behavior of fused salts have been of an ex- 
ploratory nature; much of the available information provides only preliminary indications. 
As in any new field, this has made the task of sorting and evaluating data for inclusion in a 
handbook very difficult. Various qualitative conclusions and tentative deductions can be 
drawn from much of the early work, but because of the complexity of the phenomena, the 
results cannot be reduced to quantitative values of any significance. 


W. R. Grimes 
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CHAPTER 6.1 


General Reactor Characteristics 


As far as it is known, no reactor which utilizes molten salts has yet been placed in oper- 
ation. During the past few years, -however, the favorable properties of liquids as reactor 
materials have been widely recognized and amply demonstrated. Fused salts have been 
proposed as fuels and as moderators in thermal power producers and as fuels for fast con- 
verters. In addition, fused salts may be used as dissolvants for heterogeneous reactor 
fuel elements, such as zirconium, titanium, and stainless steel, which are only difficultly 
soluble in aqueous systems. 

The state of the art has progressed to a point where it is obvious that use of fused salts 
is not a panacea for reactor problems. The use of fused salts as fuels, for example, dis- 
poses of problems of fuel-element fabrication and stability, promises to simplify recovery 
problems, and simplifies the difficulties in reactor control; however, their use as fuels 
poses a different, and difficult, set of problems in compatability of materials and in the 
virtually unknown technology of high-temperature liquids. 

Firm statements are risky regarding the feasibility of general application of fused salts, 
since much information on their fundamental properties and, especially, on details of their 
technology is fragmentary or completely lacking. Nevertheless, at the present stage of 
development, no unsurmountable obstacles have been encountered, and the available infor- 
mation encourages continued and extended study in this field. 


GENERAL CONSIDERATIONS 


In common with other liquid systems, fused salts offer, at least in principle, several ad- 
vantages as reactor fuels. As spent fuel, they can be easily removed and processed; dif- 
ficult problems of fuel-element fabrication are avoided; to the extent that fission products 
are removed automatically or through side-stream processing, they afford improved neu- 
tron economy; because they can be circulated to heat exchangers, they simplify the problem 
of heat removal and effect additional neutron economy by decreasing parasitic capture by 
structural metals in the core; in addition, the high thermal-expansion coefficient of the 
liquids furnishes a negative component to the temperature coefficient of reactivity and thus 
simplifies the control problem. | 

Fused-salt systems may also claim a few advantages not shared by other liquid systems 
known at this time. They are capable of operating with low vapor pressures at very high 
temperatures. By proper choice of component salts, the concentration of fissionable and 
fertile material may be varied over wide limits, and for reactors of moderate size, the 
fuel may be made self-moderating. Their radiation stability, on the basis of incomplete 
experiments, seems likely to prove adequate for many if not all applications. 

The most outstanding disadvantage of those fused-salt systems studied to date is the gen- 
erally high melting points of the salts, which are inconvenient for reactor startup. Also, 
fused-salt fuel systems containing considerable concentrations of fissionable material have 
moderately high viscosities in the operating-temperature range and have heat-transfer 
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properties that are considerably inferior to those of liquid metals. Perhaps the most 
serious disadvantage of these systems is the vast lack of knowledge concerning them. 


POSSIBLE REACTOR APPLICATIONS 


Nuclear reactors now in operation or contemplated are intended to produce either fission- 
able isotopes or power alone. Each category is capable of considerable subdivision with re- 
gard to both nuclear considerations and physical configuration. The application of currently 
known or anticipated fused-salt systems appears feasible in virtually all these classifica- 
tions. Considerable experimental effort will, however, be necessary before successful ap- 
plication can be assumed. 


THERMAL REACTORS 


BREEDERS 


The extremely low parasitic capture losses tolerable in breeder reactors seriously 
limit the number of fused salts which can be considered for thése units; such compounds 
are listed in Table 6.1.1. Of these, only Li’OD, Li’F, Li’D, BeF,, BiF s, and B}'O; appear to 
be useful; from these compounds and the fissionable and fertile materials as fluorides, how- 
ever, some practicable systems may be demonstrated. 

A reactor containing U**? as fuel and using Th?™ as fertile material is generally consid- 
ered to be the most promising of the thermal breeders. Fuel for an internal breeder would 
need a low concentration of U?** and a high concentration of Th**”, and an external breeder 
would require the two materials in separate fluids. In principle, a mixed type in which the 
core contains sufficient fertile isotopes to replenish the fuel is attractive. 


Hydrogenous Fuels 


The most attractive combination for an internal breeder (a solution of acceptable uranium 
and thorium compounds dissolved in molten Li’OD) can probably be eliminated at once from 
the standpoint of the solubility of thorium compounds. As the alternative case, an external 
breeder might possibly be fueled with a dilute solution of U*550, in this vehicle. As little as 
0.4 percent of U*** by weight in this solvent may be adequate, and solubilities of this magni- 
tude might possibly be achieved at 1100°—1200°F. If metallic zirconium (or zirconium-tin 
alloy) has sufficient strength and can contain the UO,-LiOD solution at 1100°—1200°F, which 
is possible but not likely, then a useful external breeder with low critical mass may be 
available. 


Fluoride Fuels 


Mixtures of LiF -BeF,-ThF, would seem to be quite suitable blankets, and similar but 
dilute UF, solutions could serve as fuels for thermal breeders.” With these materials, 
however, operation of the reactor would be restricted to temperatures where molybdenum 
or iron-chrome-nickel alloys would be required. These are hardly permissible in an ex- 
ternal breeder. However, substituting a small quantity of UF, for ThF, in the fuel should 
not seriously affect the properties of the mixture, and a good internal-breeder fuel should 
be possible. 

To remove heat from the core, it may prove necessary to circulate the fuel and cool it 
externally, even at the expense of increasing the inventory of fissionable material and losing 


' References appear at end of chapter. 
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Table 6.1.1— Possible Moderators and Fuel Diluents for Thermal Breeders 


(R. P. Schuman and A. D. Tevebaugh, Knolls Atomic Power Laboratory in 
Oak Ridge National Laboratory. Report CF-52-4-197 (classified)). 


Melting point, °C Boiling point, °C 
DF —83 19.4 
D,O 3.82 101.4 
Li? 186 1336 
Li’N50, 261 * 
Bi 271 1450 
Li’B!'D, 275 275* 
Li’N0, * 
Li'DF, * 
BiFs 
Li'Np, 290 430 
Li’OD 445 925* 
BI'o, 577 1500 
Li}CO, 618 1200d 
Li’D 680 * 
BeF, 800 
LiJC, i? ee 
Bi,O, 820 1900 
LijB!'p 843 
Lifn's 845 a 
Li'F 870 1670 
Lifo Sublimes 1000 


*Materials decomposed 


a considerable fraction of the delayed neutrons. Cooling the reactor by circulating the 
Li'OD would probably (since both fluids have only fair heat-transfer properties) increase 
the parasitic capture unduly by introducing metal into the core, even if the corrosion prob- 
lem for LiOD were solved. From the standpoint of the metal introduced in the core heat- 
exchanger, cooling with Li’ or Bi would be preferable, but neither of these metals can yet 
be contained easily at these temperatures. 

At the present state of development, fused salts as breeders seem best Suited for inter- 
nal breeding witha Li'F -BeF,-U?*F,-ThF, fuel mixture in a reactor several feet in diam- 
eter operating in the 1350°-1100°F range with the fuel circulated to an exchanger for heat 
removal. While such a reactor would involve several novel features, no unsurmountable 
engineering problems appear to be involved. 


FAST REACTORS 


Since the generation time in a fast reactor is much smaller than that in a thermal reac- 
tor, fast reactors are inherently more difficult to control. The high thermal-expansion 
coefficient of fused salts should be of distinct advantage in this connection. The nuclear re- 
quirements of fast breeders and converters, however, seriously limit the choice of compo- 
nents for fused-salt fuel systems. Fuel materials, in addition to having a low capture cross 
section for fast neutrons, must not moderate the neutrons excessively either by elastic or 
inelastic scattering. Thus, bromine and iodine have prohibitively high capture cross sec- 
tions and hydrogen, boron, carbon, nitrogen, oxygen and fluorine may be present only in 
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Table 6.1.2—Elements Which May Be Useful as Moderators or Diluents in Thermal Reactors 


Average number of Moderating ratio, 
collisions to ther- Os 
Elements Absorption cross-section, 0,* malize neutrons Ca E 
Natural elements 
H 0.330 + 0.007 19.8 115 
He 0.008 46.1 43 
Be 0.009 + 0.0005 95.1 162 
C 0.0045 124 169 
O < .0002 163 > 2710 
F <.010 193 >42 
Na 0.49 + 0.02 232 0.695 
Mg 0.059 + 0.004 238 493 
Al 215 + 0.008 272 475 
Si 0.13 + 0.03 282 92 
P 19 + 0.03 311 3.35 
S .49 + 0.02 321 0.138 
K 1.97 + 0.06 391 .0384 
Rb 0.6 845 47 
Sr 1.16 + 0.06 868 .197 
Zr 0.18 + 0.02 900 .978 
Ba 1.17 + 0.10 1355 .100 
Pb 0.17 + 0.01 2045 637 
Bi 0.032 + 0.0003 2065 2.70 
Separated isotopes 

D 0.00046 + 0.0001 27.3 
Li? 0.033 75.5 
B!! <.05 115 
Ye <.00002 150 
C13" 61 374 


*K. Way and G. Haines, Thermal neutron cross sections for elements and isotopes, CNL -33, 
Feb. 29, 1948 

E. Melkonian, L. J. Rainwater, and W. W. Havens, Neutron-beam spectrometer studies of 
oxygen, M-2554 

R. G. Nucholls, The total scattering cross sections of deuterium and oxygen for fast neutrons, 
MDDC -37, June 17, 1946 

K. Way and G. Haines, Tables of neutron cross sections, MonP-405, Oct. 28, 1947 (supplement 
issued April 20, 1948) 

H. H. Goldsmith and H. W. Ibser, Neutron cross sections of the elements, MUC-HHG-7, Dec. 5, 
1945 

Chart of the Nuclides, General Electric Res. Lab., Knolls Atomic Power Lab., third edition, 
Oct. 1950 

Nuclear Cross Sections, AEC Neutron Cross Section Advisory Group, Brookhaven National 
Laboratory, Classified Cross Sections, BNL-170, May 15, 1952; supplement, BNL-170A, Nov. 1, 
1952 

Nuclear Cross Sections, AEC Neutron Cross Section Advisory Group, Brookhaven National 
Laboratory, Unclassified Cross Sections, AECU-2040, Mar..15, 1952. Supplement 1, AECU- 
2040, Nov. 15, 1952 
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traces because of their moderating properties. These restrictions seriously limit the choice 
of anions. Silicon, phosphorus, arsenic, sulfur, selenium, and tellurium may be permissi- 
ble, and the latter three might be useful. To a first approximation, however, the only anion 
available for fast reactors is chlorine. 

Fortunately, low-melting fused-salt systems containing UC], appear to be feasible. Al-- 
though no ternary systems containing this compound have yet been described, analogy with 
the fluoride systems suggests that melting points below 400°C (perhaps even below 300°C) 
should be possible at moderately high uranium concentrations. A recent study has indicated 
melting points of about 315°C in the system NaCl-PbC1,-UCl,.° No studies of phase equili- 
bria involving the chlorides of plutonium have been reported. 

The corrosion problems associated with fused chlorides are likely to prove more diffi- 
cult than those of the analagous fluoride mixtures since, although some improvement would 
normally be expected by virtue of the somewhat lower temperatures, thermodynamic con- 
siderations indicate that reaction of UC], with structural metals to yield UCI; and the struc- 
tural-metal chloride is more likely than the analagous reactions of UF,.° 

The relatively low capture crbss sections of fission products for fast neutrons and the 
possibility of removing these materials easily from the fluid permits large fractional burn- 
up of fuel in fast reactors. Fused salts have proved reasonably stable to radiation, but as 
yet, no data are available on their response to appreciable fuel burnup. 


REFERENCES 


1. R. W. Dayton and J. W. Chastain, Jr., Battelle Memorial Institute, BMI-746, May 26, 1952, 30 pp (classified). 
2. R. P. Schuman, Knolls Atomic Power Lab., KAPL-634, Aug. 24, 1951, 63 pp (classified). 
3. G. Scatchard et al, Mass. Inst. Tech., MIT-5001, Oct. 15, 1952 (classified), 
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CHAPTER 6.2 


Composition of Fused-salt Systems 


HYDROGENOUS FUELS 


Deuterium is by far the most desirable moderator for a power-breeder, and hydrogen is 
probably the most desirable moderator for a power producer. Such compounds as the nor- 
mal and the deuterium-substituted hydroxides, bifluorides, bisulfates, and hydrides are, 
accordingly, all worthy of consideration as solvents for fissionable materials. Of these 
materials, only the alkali and alkaline-earth hydroxides and lithium and calcium hydride 
are thermally stable above 500°C. 

Decomposition pressures of bifluorides and bisulfates could certainly be lowered, with 
possible gain in melting temperature and certain loss in hydrogen content per unit volume, 
by addition of normal fluoride or sulfate, respectively. 

From a nuclear viewpoint, the only hydrogenous compound likely to be useful as a fuel 
vehicle for a thermal power-breeder is Li’OD, although Li‘OH and NaOH could probably be 
used in thermal power-converters and RbOH, KOH, and the alkaline-earth hydroxides are 
probably admissable in enriched power producers. 

The only studies reported to date with regard to the solubility of fissionable materials in 
high-temperature hydrogenous melts are concerned with the solubility of uranium com- 
pounds in fused hydroxides. These studies, which do not appear encouraging, are reviewed 
in Chapter 6.3. 

Phosphoric acid, which might otherwise be considered as a fuel solvent at relatively low 
temperatures, shows extensive radiation damage at relatively low power levels. 


FUSED SALTS AS REACTOR FUELS 


From the viewpoint of physical and chemical properties as well as from that of antici- 
pated radiation stability, mixtures of halides of the fissionable materials with halides of 
low-cross-section elements seem to offer the most promise as fuels. Nuclear considera- 
tions indicate that bromides and iodides are not suitable because of the high capture cross 
section of the anions, that fluorides are the best choice for thermal reactors, both because 
of the low cross section of fluorine and because moderation by fluorine could be useful in 
large reactors, and that chlorides are probably the best choice for fast-reactor fuels. 

There is no reason to doubt that fluoride and chloride fuels containing plutonium could be 
developed. 


PHASE EQUILIBRIA IN FUSED FLUORIDES 


Uranium -bearing fused salts have so far been studied largely as an exploratory pro- 
gram. Many possible systems had to be examined to select those which exist in the liquid 
phase over proper ranges of uranium concentration. The studies have been conducted by 
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the method of thermal analysis which was unsupported, in many cases, by evidence from 
other techniques. Diagrams for representative systems are given in Figs. 6.2.1 through 
6.2.4. 


PHASE EQUILIBRIA IN FUSED CHLORIDES 


Comparison of Figs. 6.2.5 to 6.2.9 with the preceding figures shows that the systems 
containing UC], as a component have lower melting points than the corresponding systems 
containing UF,. This advantage, however, is probably more than offset for high-tempera- 
ture thermal reactors by the capture cross section of chloride ion and the relatively high 
vapor pressure of UC]l,. The vapor pressure can probably be lowered by substituting UC], 
as the fissionable material, and it is likely that the corrosion problem would be considera- 
bly simplified at the same time. 

While such materials would seem to be of considerable interest as fast-reactor fuels, no 
experimental studies of three-component systems containing either UC], or UCl, have been 
published. The immiscibility of liquid UC], and UCI, is still uncertain!-?, and the allowable 
concentration ranges when both compounds are used in fuel mixtures are therefore ques- 
tionable. The miscibility of PuCl, with UCl, must also be determined by experiment. 

A systematic study of chloride systems would be very desirable. 


HEAT-TRANSFER AGENTS 


HYDROGENOUS MATERIALS 


While the ideal use of hydrogenous high-temperature liquids would be as fuel solvents so 
that truly homogeneous reactors could be developed, important advantages could also be 
gained if these materials could be used as moderator-coolants with stationary liquid- or 
solid-fuel reactors. 

Of the high-temperature hydrogenous liquids available, the alkali and possibly the alka- 
line-earth hydroxides seem to offer a number of advantages. From rather limited data, 
their radiation stability (see Chapter 6.3) and their corrosivity at temperatures below 
1000°F (Chapter 6.3) appear to be acceptable. As moderator—heat-transfer agents for fuels 
having good heat-transfer properties, they are almost certainly adequate; for use with fuels 
having relatively poor heat-transfer properties, such as fused-salt mixtures, their practi- 
cability is questionable. 

Figures 6.2.9 through 6.2.13 show melting-point—composition diagrams for five binary 
hydroxide systems. The system NaOH-LiOH (Fig. 6.2.9) is of special interest since cer- 
tain mixtures of these compounds show unusual solvent action for uranium compounds 
(Chapter 6.3). 


FUSED SALTS 


While certain mixtures of fluorides (notably LiF-BeF,) may be of value as heat-transfer 
materials for special applications, the phase-equilibrium diagrams of typical fluoride sys- 
tems are presented in Figs. 6.2.14 through 6.2.17 primarily for their possible value as 
solvents for fissionable materials. 

Since relatively few diagrams of chloride systems containing fissionable-material com- 
ponents are currently available and since interest in these systems is increasing, the melt- 
ing points and eutectic compositions of various binary and ternary chloride systems are 
listed in Tables 6.2.1 and 6.2.2. 


‘References appear at end of chapter. 
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Fig. 6.2.5——The System NaCl-UC],. Copied from M-251, July 1, 1943. 
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Table 6.2.1— Binary Chloride Systems with Low Melting Points 


(W. R. Grimes and D. G. Hill, Oak Ridge National Laboratory, Y-657, July 20, 1950) 


Boiling points, °C 


Eutectic Conc. of 2d component, 
temperature, °C Components mole-% lst component 2d component 

122 T1C1-CuCl 60 720 1366 
150 RbC1-CuCl 60 1390 1366 
150 KCl1-CuCl 65 1500 1366 
171 ZnCl.-SnCl, 36 732 623 
172 CuCl-SnCl, 66 1366 623 
178 T1C1-SnCl, 72 720 623 
180 KC1-SnCl, 62 1500 623 
183 NaC1-SnCl, 68 1413 623 
193 T1C1-ZnCl, 52 720 732 
210 TIC1-AgC}l 60 720 1550 
214 CsCl-CuCl 75 : 1290 1366 
215 NaCl-BeCl, 50 1413 920 
215 SnC1,-LiCl 15 623 1353 
228 ZnCl,-KCl 46 1500 732 
233 SnCl,-MnCl, 5 623 1190 
235 AgC1-BeCl, 40 1550 920 
240 SnC1l,-CoCl, 4 623 1049 
242 CuCl-ZnCl, 88 1366 732 
253 RbC1-AgC1 60 1390 1550 
258 CsCl-AgCl 72 1290 1550 
260 CuCl-AgCl 54 1366 1550 
262 T1C1-PbC}l, 14 720 950 
262 KC1-ZnCl, 71 1500 732 
262 NaC1-ZnCl, 59.5 1413 732 
276 InCl,-ZnCl, 96 vol. 600 732 
280 CuCl-PbCl, 42 1366 950 
292 PbC], -BeCl, 93 950 920 
300 LiC!-BeCl, 96 1353 920 
300 T1C1-BeCl, 96 720 920 
306 KC1-AgCl 70 1500 1550 
310 AgCl-PbCl, 41 1550 950 
311 CoCl,-ZnCl, 93 1049 732 
314(325) NaCl-CuCl 75(77) 1413 1366 
316 NaC 1-InCl, 39 1413 vol. 600 
318 RbC1-LiCl 58.3 1390 1353 
323 CaCl-LiCl 99.3 subl. 1290 1353 
327 CdCl,-BeCl, _ 80 960 520 
340 LiCl-TICl 62 1353 720 
361 LiCl1-KCl 41.5 1353 subl. 1500 
362 TIC1-MgCl, 26 720 1412 
368 CdCl, -PbCl, 62 960 950 
369 InCl,;-AgCl 17 vol. 600 1550 
372 BaCl,-BeCl, 87 1560 520 
378 T1C1-PbCl, 42 720 950 
382 CdCl, -KC1 18 960 1500 
388 CdCl,-KCl 47 960 1500 
390 CaCI-TICl 75 1290 720 
400 CuCl-CaCl, 20 (wt-%) 1366 1600* 
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Table 6.2.1— (Continued) 


iT ints, * 
Eutectic Conc. of 2d component, olhing polntey © 


aN, 
temperature, °C Components mole-% 1st component 2d component 

406 KC1-PbCl, 52 1500 950 
406 MgCl, -CuCl 90 1412 1366 
408 PbCl,-MnCl, 30 950 1190 
408 LiCl-CuCl 80 1353 1366 
410 LiCl-PbCl, 54 1353 950 
411 PbC1, -KC1 33 950 1500 
411 NaCl-PbCl, 72 1413 950 
412 NaC1-TICl 82 1413 720 
419 T1Cl-CaCl, 7 720 1600* 
424 CoCl,-PbCl, 76.5 950 950 
426 KCl1-MgCl, 33 1500 1412 
428 KC1-PbCl, 88 1500 950 
432 ZnC1,-KCl 68.5 732 1500 
438 PbC1,-PbO 22 : 950 jae 
450 AgCl-CaCl, 18 1550 1600* 
450 NaC1-MgCl, 48 1550 1412 
450 LiCl1-KCl 40 1353 subl. 1500 
451 RbC1-CdCl, 40 1390 960 
455 AgCl-MgCl, 9 1550 1412 
459 MgCl, -PbCl, 93.5 (wt-%) 1412 950 
468 CaCl,-PbCl, 83 1600* 950 
470 MgCl, -KCl 42 1412 1500 
473 LiCl-SrCl, 48 , 1353 sides 
476 InCl,-CdCl, 51 600 vol. 960 
496 LiC1-CaCl, 62 1353 1600* 
500 SrCl,-MnCl, 46 eer 1190 
500 NaC1-CaCl, 52 1413 1600* 


*Greater than 


Table 6.2.2 —Ternary Chloride Systems with Low Melting Points 


(W. R. Grimes and D. G. Hill, Oak Ridge National Laboratory, Y-657, July 20, 1950) 


Eutectic temperature, °C Components Composition, mole-% 
188 KCI-TIC1-AgC} 7-37-56 
203 ZnCl,-NaC1-KC] 60-20-20 
318 ; RbC1-LiCl-NaCl 41.0-56.6-2.4 
320 CdCl,-PbC1,-KCl 44.0-41.5-14.5 
320 CsCl-LiCl-NaCl 40.3-58.0-1.7 
357 KC1-LiCl-NaCl 24-43-33 
383 PbCl,-KCI-NaCl 71-11-18 
386 NaC1-KCI-CdCl, 24-43-33 
396 MgCl,-KC1-NaCl 60-20-20 
415 KCl-NaC1-TICl 6.3-6.3-87.4 
440 BaCl,-MgCl,-KC] 20-60-20 
450 CaCl,-NaCl-BaCl, 47.0-38.5-14.5 
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BREEDER BLANKETS 


From the standpoint of nuclear properties alone, certain fluoride mixtures would seem 
to be applicable as thermal-breeder blankets. While no data on systems containing both 
uranium and thorium are available, it is very likely that replacement of a small fraction of 
the ThF, with UF, would affect the melting temperatures only slightly; there is some pros- 
pect, therefore, of an internal breeder utilizing Li'F-UF,-ThF,. Relatively easy product 


recovery from the external breeder-blanket should be feasible by stripping UF, from the 
melt with diluted fluorine or halogen fluorides. 


Phase-equilibrium data for four binary systems including ThF, as one component are 


shown in Figs. 6.2.18 through 6.2.21. The melting temperatures obtainable are higher than 
those in the corresponding UF, system. 


REFERENCES 
A. Kraus, Brown Univ., M-251, July 1, 1943, 20 pp (classified). 


1 Cc. 
2. V. P. Calkins and R. W. Nottorf, Iowa State Univ., CC-1975 (A-2889), Oct. 7, 1944, 15 pp (classified). 
3. R. W. Dayton et al, Battelle Memorial Institute, BMI-T-51, Jan. 2, 1951, 60 pp (classified). 
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CHAPTER 6.3 


Properties of Fused-salt Systems 


HYDROGEN-BEARING FUEL SYSTEMS 


SOLUBILITY OF URANIUM IN HYDROXIDES 


Attempts that were made to dissolve uranium compounds in molten hydroxides under 
neutral or oxidizing atmospheres resulted in oxidation of the uranium to the hexavalent 
state; complete reaction of the resulting compound with the hydroxide and consequent for- 
mation of alkali or alkaline-earth uranates proceeds very rapidly. 

If reducing atmospheres are maintained, the high-temperature reaction apparently re- 
sults in the formation of UO); this material appears quite insoluble in the molten hy- 
droxide at any readily attainable temperature. 

The solubility of UOs, or its reaction products, in alkali and alkaline-earth hydroxides is 
shown in Table 6.3.1. The solubility of this compound in NaOH-LiOH mixtures appears 
sufficiently high — 4 wt-% U at 750°F — to be of interest if the corrosion problems could 
be readily solved. 

The solubility of UO, can be improved by adding large quantities of B,O,; to the hydrox- 
ide, as shown in Table 6.3.2. However, the melting point and the viscosity of the mixture 
appear to be adversely affected. The addition of alkali fluorides and alkali carbonates 
does not seem to improve the solubility of uranium compounds in fused caustic. 

In early Project work attempts were made to dissolve various uranium compounds, such 
as uranium dioxide, uranium trioxide, uranium tetrafluoride, and sodium diuranate, in 
sodium hydroxide using both silver and nickel crucibles, under both oxidizing and reducing 
atmospheres, and with and without prior addition of small amounts of various classes of 
compounds to the caustic. No comparative data or details of the technique are given, but 
it is stated that most of the systems tested exhibited very little uranium solubility. 

Prior addition of tellurium chloride, elemental boron and boron compounds, and ele- 
mental phosphorus and phosphates to molten sodium hydroxide in silver crucibles in air 
each tended to increase the solubility of uranium when the uranium was subsequently added 
in the form of either uranium trioxide or sodium diuranate. Preliminary fusion of the ad- 
ditives with either uranium trioxide or sodium diuranate and addition of this melt to 
molten sodium hydroxide also increased the solubility of uranium. However, no solubility 
greater than 0.1-0.2 percent (by weight) resulted. Although an increased solubility (up to 
1 weight-percent or uranium) of UO; in NaOH with additions of K,CO, is reported, the UO, 
could not be keot in solution. 

The early work suggested that both silver and nickel act as precipitants for uranium 
from sodium hydroxide, as analysis of the precipitate in each case showed the presence of 
nickel. An adequate uranium solubility might therefore be achieved in sodium hydroxide if 
the corrosion and container problem can be sufficiently resolved, There are, at present, 
no known solutions of uranium compounds in molten hydroxides which are useful at tem- 
peratures such that the corrosion could be tolerated. 
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Table 6.3.1— Solubility of UO, in Various Hydroxides'~ 


Solvent composition, wt-%* Solubility of UO,, wt-% U 
$$$ TN, eT 
NaOH KOH LiOH ~~ Ba(OH), RbOH 650°C 700°C 750°C 

100 0.03 
100 0.5 2.0 
100 0.1 0.3 
75 29 0.2 
50 50 2.0 4.0 
29 75 1.0 
100 0.1 
29 75 0.1 
25 15 0.1 0.2 
50 50 0.1 0.3 
75 295 0.4 
50 20 0.1 
45 45 10 1.2 
40 40 20 0.8 


* Purity of hydroxides used: 
NaOH - Less than 0.1% Na,CO;; less than 0.1% H,O 
KOH - Less than 0.5% K,CO, 
LiOH - Less than 0.2% Li,CO, 
Ba(OH), - Less than 0.4% BaCO, or BaO 
RbOH - Contained about 5% Rb,CO, 


Table 6.3.2— Solubility of UO, in Various Hydroxides with Added Boron Compounds® 


Hydroxide matrix, wt-%* Material added, wt-% UO, dissolved, wt-% 
| | ne | 
LiOH NaOH KOH B,Os Na,B,O, 650°C 800°C 
100 ee ca nites ee 0.5 >2.0 
92 Sie ene 8 eee 23 
84 as oe 16 ee 9 
80 ve er 20 ee 8 
100 Te ssbes pave .03 
85 io 15 3 
70 es 30 1.3 
95 Sie sag 5 0.1 0.1 
85 ies re 15 4 
80 Sens er 20 5 
55 ater sails 45 5.0 
70 ee 15 15 0.9 2.7 
60 ee 15 25 4.7 
100 ae . 0.1 >0.3 
95 5 sats 3 
90 10 ; 7 
85 15 ; 1.6 
80 20 1.5 
ee ae 75 25 er T 
50 50 ee bee hae 2.0 >4 
47 48 Ser 5 aie 1.0 
43 42 ee 15 oe 1.7 


* For hydroxide specifications, see Table 6.3.1 
+ Mixture melted above 700°C 


‘References appear at end of chapter. 


836 


PROPERTIES OF FUSED-SALT SYSTEMS CHAP, 6.3 


SUSPENSIONS OF URANIUM IN HYDROXIDES 


A very limited study of suspensions of uranium compounds in molten hydroxides has 
been made. Addition of UO, to molten hydroxides results in an unstable suspension of a 
material which appears to be Na,UQ,. The stability of such a suspension is almost inde- 
pendent of the initial UO; particle size but, as the data in Table 6.3.3 indicate, the stability 
is very poor at 600°C or higher. Apparently stirring of the material for a few days causes 
particle growth. A considerable increase in the stability of similar suspensions and a 
greatly decreased particle growth at low temperatures are shown by the data of 
Table 6.3.4. It is interesting to note that these systems may be readily resuspended after 
settling for several days, no tendency for the settled particles to cake having been 
observed. 

Attempts to create suspensions of quadrivalent uranium compounds of comparable 
stability have not been successful. 


RADIATION STABILITY OF HYDROGENOUS FUELS 


Hydroxides have been shown to possess considerable stability to neutrons and ionizing 
radiations at lower levels up to 30 watts/cc (see “Radiation Stability of Hydroxides,” dis- 
cussed later in the chapter). However, no studies in which fission products were present 
in the hydroxide mixtures have been made. 


Table 6.3.3— Settling Rate for Suspensions of UO; in NaOH 
As Functions of Temperature and Age!~ 


Uranium remaining in suspension*, % of original 


eee 
600°C 700°C 800°C 
SE, (Fore tee, 
Settling Stirred Stirred Stirred Stirred Stirred Stirred 
time, min 18 hr 42 hr 20 hr 95 hr 2hr 20 hr 

1 98 61 85 37 83 2 

2 86 44 66 17 71 2 

3 83 34 61 2 47 1 

4 61 21 51 2 51 1 

5 58 21 39 2 27 2 


*In upper 25% of the liquid 


Table 6.3.4— Stability of Suspensions of UO, in NaOH-KOH at 250°C’ ‘ 
(61% NaOH - 39% KOH by weight; 5 wt-% UO, added) 


Uranium remaining in suspension, % of original 


Stirred Stirred Stirred 
Settling time, min 24 hr 48 hr 120 hr 
120 95 95 95 
240 15 85 85 
360 55 65 
960 0.2 
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CORROSION BY HYDROGENEOUS FUELS 


Studies of container materials for alkali hydroxides at elevated temperatures have 
shown this problem to be very difficult (see “Corrosion by Hydroxides,” discussed later 
in this chapter). Apparently, no corrosion tests have been reported ‘in which dissolved or 
suspended uranium compounds were present. It is likely that the presence of hexavalent 
uranium compounds in the caustic would markedly increase the corrosion rates. 


FUSED-SALT FUEL SYSTEMS 


RADIATION STABILITY OF FUSED SALTS 


Pioneer experiments on radiation stability of fused salts were apparently confined to 
possible gross changes in the molten materials. Subsequent experimental work in this 
field has been restricted almost entirely to reactor irradiation and cyclotron bombard- 
ment of uranium-bearing fluoride mixtures. These experiments are not sufficiently 
diverse or extensive to permit general evaluation of fused salts. It appears, however, 
that while no gross changes in composition or properties of the fused salts studied have 
been observed at high power levels, the rate of attack on the container vessel is in some 
cases significantly increased at levels above 1000 watts/cc. It has been definitely estab- 
lished whether this radiation-induced increase is a function of impurities in the fluoride 
mixture or the temperature control of the irradiated specimen. 


STABILITY UNDER REACTOR IRRADIATION 


Stability of Chlorides’ 


In the only recorded irradiation of molten chlorides, a sample of LiC1-KCl eutectic was 
maintained at 1200°F for 14 days in an evacuated quartz capsule at a position in the ORNL 
graphite reactor where the thermal flux was 7 X 10'! neutrons/(cm?)(sec). No change in the 
cooling curve could be detected during or after irradiation, and there is no reason to be- 
lieve that molten chloride mixtures are unstable to this relatively light dosage. No studies 
under fission-fragment bombardment have been reported, however. 


STABILITY UNDER ELECTRON BOMBARDMENT" 


The only recorded study of behavior of fused salts under electron bombardment is an 
irradiation for 1 hr by 50 wamps of 2-mev electrons of a small sample of 3NaF-UF, ina 
nickel container. The ionization density measured calorimetrically was 120 watts/cc. 
-Helium gas from the blanket in the target chamber was analyzed for fluorine, and although 
decomposition of as little as 0.05 percent of the irradiated portion of the sample could have 
been detected, no appreciable decomposition of the specimen was observed. 


VOLATILITY OF FISSION PRODUCTS 


One of the advantages claimed for high-temperature liquid fuels is that low-boiling 
poisons, especially Xe'*, will be continually removed from the fuel by volatilization. 
Qualitative observations during reactor irradiations (described above) showed that con- 
siderable activity was transmitted through the vapor lines to the reactor face by this 
mechanism. Only one experiment dealing directly with this subject has, however, been 
reported. ® 


PHYSICAL AND THERMAL PROPERTIES 


Data on the physical and thermal properties of fused-salt mixtures which are of interest 
as reactor fuels are meager. It is noteworthy that the thermal conductivity of fused fluo- 
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rides is decreased markedly as the UF, concentration is increased, but insufficient data 
are available to ascertain whether other quadrivalent fluorides, such as ThF,, show this 
effect. 

Vapor pressure equations for pure fluorides are presented in Table 6.3.5. 


Table 6.3.5 — Vapor Pressures of Various Fluorides* 


Substance Temp. range, °C A x 10738 B 
Uranium tetrafluoridef 1037-1185 9.171 7.792 
Sodium fluoridet 1396—1557 12.385 9.180 
Potassium fluoridet 1351-1503 9.168 8.019 
Lithium fluoridet 1353—1547 12.057 9.071 
Rubidium fluoridet 1163—1410 8.753 8.124 
Beryllium fluoride 920-1019 8.609 8.614 
Zirconium tetra- 722 —825 10.926 12.113 

fluoridef 
Aluminum fluoridet{ 1094-1251 16.934 13.927 
Magnesium fluoride} 1661 —1856 15.154 8.864 
Zinc fluoridef{ 1156—1465 9.922 8.477 
Lead fluoride § 1078-1289 8.625 8.391 


* Constants listed for equation log,, P(mm Hg’) =—A/T(°K) + B 

TH. von Wartenberg and H. Schulz, Z. fur Elektrochemie 27, 1921 

tO. Ruff and L. LeBoucher, Z. anorg. Chem, 219, 1934 

§H. von Wartenberg and O. Bosse, Z. fur Elektrochemie 28, 1922 

™R. E. More, Oak Ridge Nat. Lab., ORNL-1294, -1375, and -1439; K. O. Johnson, Y-F-42, 
Oct. 20, 1949 


MODERATOR-COOLANTS 


RADIATION STABILITY OF HYDROXIDES 


Data on the radiation stability of pure sodium and potassium hydroxides at elevated 
temperatures are promising but relatively meager. No irradiations of alkaline-earth 
hydroxides, lithium hydroxide, or mixtures of hydroxides at elevated temperatures have 
been reported. 


STABILITY UNDER REACTOR IRRADIATION 


Sodium hydroxide at reactor ambient temperature has been shown to be unstable in tne 
ORNL graphite reactor’ by irradiation as 0.5-gm samples contained in glass ampoules in 
a thermal flux of 3 x 10"! neutrons/(cm’)(sec). 

The fast flux was estimated to be about 10 percent of the thermal value. After irradia- 
tion for one week, no volatile decomposition products could be observed; after one month, 
however, considerable gaseous products were evident. 

Tests performed at higher temperature, where virtually complete recombination of 
volatile products would be expected, have been more satisfactory. A sample of sodium 
hydroxide, dehydrated in vacuo at 850°C, was exposed in an A-nickel container in the ORNL 
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graphite reactor for one week at 400°C and for an additional week at 700°C. The thermal 
flux available was 8.5 x 10'! neutrons/(cm’*)(sec) with the fast flux estimated at 10 percent 
of the thermal value. Cooling curves taken at 48-hr intervals revealed no detectible change 
in composition during this interval. 

Molten potassium hydroxide (containing less than 0.3 percent K,CO; and 0.2 percent H,O) 
showed no pressure rise when irradiated for 16 hr in a stainless-steel capsule at 450°C in 
the ORNL graphite reactor at a thermal flux level of 8 x 10'! neutrons/(cm7”)(sec).'° A 
similar sample!® when exposed to a thermal flux of 1.2 x 10'° neutrons/(cm?)(sec) for about 
60 hr at 425° to 450°C in the LITR showed a pressure rise of 3 psi. This same pressure 
rise was shown, however, in a similar test without irradiation. 


STABILITY UNDER ELECTRON BOMBARDMENT 


Molten sodium hydroxide has been shown to be stable when irradiated for several hours 
in continuously evacuated platinum containers with a 100-amp beam of 1-mev electrons 
from Van de Graaff equipment. Irradiations were performed at 700°, 815°, and 980°C with 
a calorimetrically determined ionization density of 30 watts/cc. A comparison of hy- 
drogen and water vapor yields before, during, and after irradiation revealed that less than 
1 percent of the material had decomposed as a result of irradiation. The material was 
similar in appearance in all respects to unirradiated caustic. 


CONCLUSIONS 


For use aS moderator-coolants, molten hydroxide need not be stable to fission-product 
recoils, and the reactor could presumably be des.gned so that power dissipation in the 
caustic would not exceed 50 watts/cc. While radiation studies are badly needed over longer 
times and with more sensitive means for detection of damage, alkali hydroxides appear to 
be sufficiently stable to radiation to be applicable as reactor moderators. 


CORROSION BY HYDROXIDES 


Virtually all the conclusions regarding corrosion by hydroxides have been drawn from 
experiments with sodium hydroxide. The relatively small amount of data obtained from 
other hydroxides suggests that the same general principles apply and that the corrosion 
rates are quantitatively similar. 


CORROSION OF STRUCTURAL METALS BY NaOH 


For each metal, there appears to be a temperature above which it reacts with sodium 
hydroxide to liberate hydrogen. In the case of more noble metals, such as gold, silver, 
platinum, copper and nickel, this temperature is above 1000°F; in the case of more active 
metals, such as iron and aaa niin: hydrogen evolution begins at 600° to 700°F. Asa 
result of this reaction, the metal is oxidized to a variety of dark-colored complex oxides 
which often form surface layers and which are generally observable in the solid melt. 

A large increase in corrosive action is evident when neutral or oxidizing atmospheres 
are maintained over the molten mixture. Maintenance of reducing conditions over the 
melt during the test is beneficial and prevents attack entirely on a number of noble metals 
at 1000°F. No metals tested have proved to be completely unattacked at 1500°F even under 
atmospheres of pure hydrogen. 

Tables 6.3.6 and 6.3.7 list the results dbiaivied when various alloys are tested for 24 hr 
under static conditions in an atmosphere of 90% N,-10% H, at 1000°F and 1500°F, re- 
spectively. 

Attempts to obtain quantitative data in support of an electromotive series for metals in 
molten hydroxides have not been successful. However, it is generally recognized that, 
of the common structural metals, only nickel resists corrosion to a satisfactory degree 
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Table 6.3.6 —Behavior of Metals and Alloys in Sodium Hydroxide for 24 Hours at 1000°F 


(BMI-706, Nov. 6, 1951) 


Area of Weight 
specimen, change, Results of visual 
Material Condition sq cm mg/sq cm or metallographic examinations 
Materials Showing Little or No Attack 
L-nickel Sheet 11.28 #0.115 No attack 
Silver, 999.5 fine Sheet 12.87 +.015 No attack 
Electrolytic copper Cold rolled 11.90 +1.54 0.0004-in. deposit of nickel 
Copper, OFHC Wrought 8.73 — 0.137 Bright; very slight nickel deposit 
Chromium Hot-rolled plate 6.95 —.115 Brown discoloration; fine trans- 
granular crakcs, possibly from 
specimen preparation 
Gold Sheet 6.91 —.332 Brown discoloration; shallow 
pitting, <0.0002-in. 
Platinum Sheet 7.11 + .323 Brown discoloration; no attack 
Monel Sheet 12.04 —.157 Brown discoloration; no attack 
Inconel Sheet 11.15 + .116 Brown discoloration; scale adherent on 
one end; sl ‘‘low intergranular attack, 
0.0009 in. 
Zirconium Sheet 10.02 +.558 Oxide film; scale <0.001 in.; no other 
attack 
70 Au-30 Pt Sheet 7.03 +.355 Oxide film; altered surface structure, 
0,0002-in. thick; no attack 
90 Pt-10 Ir Sheet 6.78 + .930 Oxide film; no attack 
Graphite E.C.A. grade 7.25 + .854 Caustic not completely removed 
Aluminum 2S sheet 17.19 — 337 Caustic not completely removed; slight 
pitting 
High-purity French Sheet 9.76 — 1.680 No attack 
aluminum 
Hastelloy B Sheet 6.49 + 0.030 No visible attack 
Hastelloy C Sheet 7.86 — .496 Scale = 0.00153-in.; no other attack 
Palladium Wire 0.553 +6.59 Very slight pitting 
Colmonoy No. 6 Rod, weld 8.674 — 0.484 Etched; change in structure, 0.0046-in. 
deep 
Colmonoy No. 5 Rod, weld 6.057 +.627 No attack; surface layer of different 
structure, 0.002-in. deep 
Chromel P Wire 3.923 + .085 Possible intergranular corrosion 
Colmonoy No. 9 Rod, weld | 5.239 +.229 Brown scale, 0.0030-in. thick 
Nickel-plated cold- Plate, 0.005 in. 15.449 +.323 Good nonporous plate is 0.006 in. thick 
rolled steel 
Ni-Resist (Type III) Cast 14.918 +.060 Scale 0.0007 in. thick 
Nickel-plated cold- Plate, 0.010 in. 15.999 +.118 Nonporous plate 0.009 in. thick 
rolled steel 
Nickel-plated cold- Plate, 0.030 in. 20.662 —.150 Nonpcrous plate 0.024 in. thick 
rolled steel 
Elgiloy Solution- 10.784 — .639 Black scale 0.0046-in. thick. Few 
annealed sheet shallow pits 
Materials Showing Intermediate Attack or Oxidation (Scale Formation) 
Cast iron Ground surface 11.27 —-2.13 Loose rust 
Cast iron Electropolished 12.00 — 3.02 Loose rust 
Armco iron Sheet 8.96 —8.77 Loose rust; pitting more pronounced at 
grain boundaries - 0.0008 in. depth 
304 stainless steel Sheet 10.32 + 5.35 Scale, 0.0003-in.; pitting attack and 
general intergranular precipitation 
Vitallium Plate 10.50 + 12.95 Scale, 0.006 in.; pitting attack 
347 stainless steel Sheet 9.31 +13.38 Scale, 0.007 in.; no other attack 
Beryllium Sheet 9.60 —5.67 Pitting and exfoliation attack 
Inconel X Sheet 12.34 — 7.80 Nonadherent scale, 0.001 in. 
Cobalt As-cast 9.18 — 4.238 No apparent attack 
Cobalt Hot-rolled 7.10 — 4.888 Pitting, max. depth 0.001 in. 
446 stalniess steel Sheet 6.99 — 2.803 Heavy black scale 
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Material 
Hastelloy A 
Worthite 
317 stainless steel 


80-20 brass 

430 stainless steel 

Phosphur bronze 
(Grade C) 

Al-Si bronze 


410 stainless steel 
Ni-Hard 

Stellite No. 6 
Alumel 


Ni-Resist (Type I) 
Ni-Resist (Type I) 
Haynes alloy multimet 
Haynes alloy No. 25 


Haynes alloy No. 25 
Haynes Stellite 

No, 31 
Constantan 
Nimonic 80 A 
Nimonic 90 
Graphitar 
Graphitar 
Graphitar 
Graphitar 


Molybdenum 
Duriron 
Tungstun 
Tantalum 
Titanium 
Manganese 
25-20 stainless steel 
Silicon 
Nickel-plated 

cast iron 
Nickel -plated 

cast iron 
Invar 
Columbium 
Vanadium 
Boron 


Cerium 
Nlium 


Cartridge brass 

Magnesium 

Manganal 

Hastelloy F 

Ni-Resist (Type 
II, ductile) 

Elgiloy 

Elgiloy 

60Cr, 25Fe, 25Mo, 
0.04C 
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Table 6.3.6 — (Continued) 


Condition 
Sheet 
Cast bar stock 
Sheet 


Sheet 
Sheet 
Sheet 


Sheet 


Sheet 
Rod, weld 
Rod, weld 
Wire 


Cast bar 
Cast bar 
Sheet 
Forged plate 


Cast 
Rod, weld 


Sheet 
Hot-rolled 
Hot-rolled 
Grade 20 
Grade 2 
Grade 10 
Grade 49 


Area of 
specimen, 


sq cm 
6.97 
7.65 
7.82 


10.08 
10.94 
10.11 


8.746 


8.341 
5.468 
9.035 
3.656 


15.862 
15.938 

6.000 
11.109 


12.389 
14.913 


9.140 
7.898 
8.348 
12.775 
10.746 
8.659 
14,721 


Weight 
change, 
mg/sq cm 


- 3.157 
+ 2.798 
— 3.887 
— 4,335 


+ 0.746 
+ .038 


+15.28 


—4.75 
— 3.639 


+0,355 


— 2.664 
—2.014 
+ 7,850 
+9.172 


+ 9.968 
+6.765 


+ 2.221 


+ 11.509 


+6.971 


#14,13 
+ 16.61 
+ 31.08 
— 13.409 


Results of 
or metallographic examination 


Shallow pitting, max. 0.0015 in. 
irregular deposition of nickel 

Discontinuous tan scale; general 
intergranular corrusion 

Heavy black scale; intergranular 
corrosion 

Dezincification, 0.003 in. deep 

Dark, rusty scale, 0.0015 in. thick 

Nickel deposited 


Blistered; heavy zone of altered 
structure 

Dark-brown scale, 0.0007 in. thick 

Etched; dark band, 0.0046 in. thick 

Black scale, 0.0002 in. thick 

Blue-black scale and intergranular 
corrosion, 0.0046 in. deep 

Scale, 0.0015 in. thick 

Scale, 0.0007 in. thick 

Black scale, 0.0075 in, thick 

Black scale, 0.0046 in. thick; 
surface structure change 

Black scale, 0.0061 in. thick 

Black scale, 0.0076 in. thick 


Bright 

Black scale, 0.0006 in. thick 
Black scale, 0.0030 in. thick 
No dimensional change 

No dimensional change 

No dimensional change 
NaOH retained by sample 


Materials Severely Attacked or Dissolved 


Sheet 

Cast 

Plate 

Sheet 

Sheet 

Electrolytic 

Sheet 

Cast 

0.015-in. thick 
plate 

0.004-in. thick 
plate 

Bar stock 

Sheet 

Cast button 

Vapor -deposited 
rod 

97 percent 

Sheet 


Bar stock 
Extruded rod 
Rod, weld 
Sheet 

Cast 


Rolled sheet 
Age hardened 
Cast 


9.867 
27,93 
22.13 
10.41 
14.59 

9.35 


12.36 


19.31 

10.55 
9.012 
9.887 

11.879 


7.842 
9.778 
8.032 


ma 306.8 


— 30.93 


—23.7 


Severely attacked 
Exfoliation type of attack 
Exfoliation type of attack 
Completely dissolved 
Rapidly attacked 
Completely dissolved 
General uniform solution 
Rapid exothermic reaction 
Nickel plate ruptured 


Nickel plate ruptured 


Fine precipitation or edge attack 
Rapid attack 

Completely dissolved 
Completely dissolved 


Completely dissolved 
Exfoliation, intergranular attack, 
and cracking 
Complete dezincification 
Completely dissolved 
Gray scale 
Black and gray scale, total depth 0.0145 in. 
Thin brown scale 


Thick gray scale 
Very brittle; some pieces lost 
Thick black scale 
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a cn a a 
Table 6.3.7 — Behavior of Metal and Alloys in Sodium Hydroxide for 24 Hours at 1500°F 
(BMI-706, Nov. 6, 1951) 


Area of 


Weight 


Remarks 
specimen, change, 
Material Condition sq cm mg/sq cm Visual examination Metallographic examination 
Materials Showing the Least Attack 
L-nickel Sheet 7.700 + 1.662 Gray scale in spots Intergranular attack, 0.0031 
in. deep 
Copper, OFHC Wrought 10.781 -2.161 Black scale plus Shallow pitting; nickel 
nickel deposit deposit, 0.0003 in. thick 
Zirconium Sheet 8.828 + 0.872 Grayish scale Scale, 0.00015 in. thick; nitride 
layer, 0.00045 in. thick; 
slight pitting 
Silver Sheet 8.987 +2.894 No change Zone of altered structure, 
0.006 in. deep; intergranular 
corrosion, 0.02 in. deep 
Monel Sheet 14.492 —4.574 General solution Zone of altered structure, 
0.0075 in. deep 
Materials Severely Attacked or Dissolved 
Colmonoy Rod, weld 5.834 + 70.46 Thick gray scale Pitting; change in structure, 
No. 5 0.062 in. deep 
Colmonoy Rod, weld 7.994 —71.85 Thick gray scale Pitting; change in structure, 
No. 6 0.062 in. deep 
Colmonoy Rod, weld §.534 ‘e% Completely dissolved No examination made 
No. 9 
Inconel Sheet 6.879 ae Completely dissloved No examination made 
Gold Sheet 5.706 co0 Specimen broke Pitting; altered structure; 
no gold color 
Platinum Sheet 5.442 ee Specimen broke Pitting and altered structure, 
0.003 in. deep 
Palladium Rod 2.865 +175.3 Etched Zone of altered structure, 
0.014 in. deep; possibly 
from nickel diffusion 
Chromium Hot-rolled 8.057 — 40.37 Black scale; surface Black scale, 0.0015 in. 
plate cracks thick; cracks from surface 
70 Au-30 Pt Sheet 5.676 eats Heavy scale; broke Blistered; pitting attack 
into pieces 
90 Pt-10 Ir Sheet 5.294 + 27.18 Blistered Irregular deposition or 
blistering; pitting 
Hastelloy B Sheet §.564 —5§3.0 Loose powdery deposit Rounded corners; pitting; 
longitudinal crack and 
change in structure 
Chromel P Wire 3.441 woe Completely dissolved No examination made 
Ni-Resist Cast 11.682 — 84.09 Etched Change in structure, 0.107 
(Type Ill) in. deep 
Graphite E.C.A. grade 10.400 wea Completely dissolved No examination made 
Nimonic 80A Hot-rolled 9.859 wwe Completely dissolved No examination made 
Nimonic 90 Hot-rolled 9.002 wee Completely dissolved No examination made 
Elgiloy Solution- 7.934 seve Completely dissolved No examination made 
annealed sheet 
Haynes 
Stellite 
No, 31 Rod, weld 12.947 see Completely dissolved No examination made 
Inconel Sheet 9.310 eee Completely dissolved No examination made 
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at temperatures above 1000°F. The low tensile and creep strength of nickel at such tem- 
peratures impose very difficult design problems insofar as reactors are concerned. 

As the data in Table 6.3.8 indicate, the rate of attack of L-nickel by sodium hydroxide 
increases rapidly with increasing temperature, considerably with decrease in partial 
pressure of H, from 760 mm to 76 mm, and slowly with contact time. The rate of attack 
appears to be nearly independent of the extent of cold working of the nickel. 


Effect of NaOH on Mechanical Properties of L-Nickel 


Mechanical properties of L-nickel initially in an annealed and a 50-percent cold-worked 
condition have been examined after annealing at 1000°F and 1250°F in argon and after 
dynamic exposure to caustic at these temperatures under various dry atmospheres. 
Comparison of the data shown in Tables 6.3.9 and 6.3.10 reveals that, while L-nickel does 
not anneal to the same extent in the two media, these mechanical properties are not 
adversely affected and that there is no evidence for caustic embrittlement even in the cold- 


worked specimens. 


Table 6.3.8 — Dynamic* Corrosion of L-Nickel in Sodium Hydroxidet As Function 
of Atmosphere and Temperature 


(BMI-794, Dec. 18, 1952) 


Change in weight, mg/sq cm{ 


Scale 
Condition of Atmosphere Temperature, Seale ner Semoxes eomevec? 
material above caustic °F 24 hr 48 hr 96 hr 120 hr 168hr 168 hr 
Annealed Forming gas 1000 —0.242 -—1.27 -1.27 —1.30 ~—1.27 -4.79 
50% cold work Forming gas 1000 -.19 -1.09 -1.11 -1.13 -1.13 — 5.04 
Annealed Hydrogen 1000 -.125 -0.100 -0.108 -—0.162 -0.181 — 2.26 
50% cold work Hydrogen 1000 -.073 -.049 -.078 —-.140 —.151 ~—2.42 
Annealed Nitrogen 12501 —-3.2 -10.7 -—21.7 — 26.6 — 42.3 —- 45.9 
50% cold work Nitrogen 125019 —2.5 —9.7 — 20.5 — 25.0 —39.4 —42.3 
Annealed Forming gas 125019 -5.0 —5.4 —6.3 —6.6 —-7.1 wae 
50% cold work Forming gas 12501 —4.8 —5.1 —6.0 —6.3 —6.7 fe% 
Annealed Hydrogen 125017 — 0.62 —1.08 —-1.77 - 1.06 —1.55 —6.24 
50% cold work Hydrogen 125019 —.62 —-1.27 —1.95 —1.24 — 1.66 —5.62 
Annealed Hydrogen** 12509 -.93 -16.3 —18.7 —18.8 —19.1 —-21.5 
50% cold work Hydrogen ** 125094 —40 --14.7 -16.6 —-16.7 -—17.0 —- 19.0 
Annealed Forming gas 150014 eee ee eee eee —111.3 —141.5 
50% cold work Forming gas 15009 S68 bie Pree ee — 68.5 —94.9 
Annealed Hydrogen 15001 -1.8 —2.7 -3.6 —8.5 —12.6 —15.0 
50% cold work Hydrogen 15001 -1.6 —2.4 —3.2 -7.8 -11.6 — 14.6 


*Specimens immersed in caustic and rotated 30 ft/min 


t Bakers Special stick sodium hydroxide used 


t Each value reported is averaged of 3 independent determinations 
§Scale removed by treatment at 210°F with 10% HNO, solution containing 1 teaspoonful NaCl per liter 


1 Caustic cooled to 1000°F before samples were removed 


** Sodium hydroxide used contained 5% by weight of metallic sodium 
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Table 6.3.9— Mechanical Properties of L-Nickel After Argon Annealing 
(BMI-794, Dec. 18, 1952) 


Mechanical properties* 
0.2% offset 


Condition of Tensile yield strength, Elongation, 
material strength, psi psi % in 1 in. VHN 
Initial properties 
Annealed 57,800 35,400 45 122 
50% cold work 94,300 93,300 3.3 209 
After anneal in argon 
at 1000°F f 
Annealed 57,300 25 ,000 46 100 
50% cold work 58,800 16,900 40 90 
After anneal in argon 
at 1250°F f 
Annealed 56,100 23,400 46.5 91.4 
50% cold work 58,800 13,600 42 76 


* Average of values from 3 specimens 
TAnnealed for 360 hr at 1000°F or 168 hr at 1250°F 


Table 6.3.10— Effect of Expnsure* to Sodium Hydroxidef on Mechanical Properties of L-Nickel 
(BMI-794, Dec. 18, 1952) 


Mechanical properties} 


Change in 0.2% offset 
Condition of Atmosphere Temperature, weight, Tensile yield strength, Elongation, 

material above caustic °F mg/cm? strength, psi psi %inlin. VHN 
Annealed Argon 1000 —0.03 57,900 28 ,400 44 106 
50% cold work Argon 1000 ~ .08 78,900 66 ,300 12 182 
Annealed Argon 125¢ — 86 53,700 20,400 42 80 
50% cold work Argon 1250 —80 50 ,400 12,800 39 T7 
Annealed Forming gas 1250 ~1.0 55,100 21,500 46 84 
50% cold work Forming gas 1250 —3.9 55,300 15,400 44 75 
Annealed Air 1250 —155 50,700 19,200 41 83 
50% cold work Air 1250 —116 90 ,800 15,000 40 76 


* Specimens rotated at 30 ft/min while immersed in caustic for 360 hr at 1000°F or 168 hr at 1250°F 
t Bakers Special stick hydroxide: 98% NaOH, 0.0002% PO,, 0.000% SO,, 1.5% Na,CO,, 0.007% SiO,, 0.000% heavy 
metals as Ag, 0.001% Cl, 0.006% Fe, 0.0003% nitrogen 
t Average of values from 4 specimens 
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Mechanism of Attack of Ni by NaOH 


In molten sodium hydroxide above 1000°F, metallic nickel, as well as most other noble 
metals, is removed in a uniform fashion from the hottest portion of the test specimen. 
When the hydrogen produced is removed—for example, by sweeping with inert gas or by 
evacuation— deposits of nickel oxide are observed. When the hydrogen is retained in the 
system or when a reducing atmosphere is supplied, crystals of nickel are formed on 
cooler portions of the apparatus; at 1500°F, these deposits are quite copious unless a pure 
hydrogen atmosphere is maintained or thermal gradients are carefully avoided. This 
“mass-transfer” phenomenon is not well understood but almost certainly does not result 
from “physical” solubility of Ni° in the caustic. 


Effect of Added Materials 


The most harmful impurity in sodium hydroxide, assuming the absence of sodium 
peroxide, is generally believed to be Na,O. Perhaps because of this, traces of water in the 
caustic appear beneficial although larger amounts appear to cause increased attack. 

The prescence of carbonate in the amounts found in C.P. sodium hydroxide appears to 
have little effect. 

Additions of metallic sodium and of sodium hydride apparently result in increased cor- 
rosion. 

In a few tests, addition of sodium aluminate to sodium hydroxide appeared beneficial; 
under most conditions this improvement is not observed. 


CORROSION OF CERAMICS BY NaOH 


The data in Table 6.3.11 show the behavior of a number of ceramic materials in static 
systems of nickel containing sodium hydroxide at 1000°F. Aluminum oxide and zirconium 
oxide are most resistant, although graphite and MgO-Al,O; mixtures approaching the 
composition of spinel are also satisfactory. No ceramic which lasts more than a few hours 
at 1500°F has been found. 


CORROSION BY OTHER HYDROXIDES 


As the data in Table 6.3.12 indicate, the behavior of Ba(OH),, Sr(OH), and LiOH in static 
tests at 1500°F is similar to that of NaOH, described above. Although some evidence 
suggests that KOH may be contained for 1000 hr in Inconel under an inert atmosphere at 
temperatures as high as 1250°F without destructive attack, “caustic embrittlement” of this 
alloy has been reported at 800°C. No experiments on corrosion by mixtures of hydroxides 
have been reported. 


PHYSICAL AND THERMAL PROPERTIES OF HYDROXIDES 


Melting points and heat capacities of various pure hydroxides are listed in Table 6.3.13 
and the densities and viscosities of sodium and potassium hydroxides are listed in 
Table 6.3.14. Except for melting points (see Chapter 6.2), physical or thermal properties 
of hydroxide mixtures have been reported. The thermal conductivity of sodium hydroxide 
is 0.81 Btu/(hr)(ft)(°F).!! Values for other hydroxides are lacking. 


COOLANTS 


RADIATION STABILITY 


Only one fused-salt specimen of possible interest as a reactor coolant (see “Stability of 
Chlorides,” above) has been studied under irradiation. However, since coolants would 
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Table 6.3.11— Behavior of Ceramic Materials in Sodium Hydroxide at 1000°F for 24 Hours* 
(BMI-794, Dec. 18, 1952) 


Apparent Bulk Initial Change in 
Material Treatment porosity,% density weight,gm weight, % Visual observations 
Materials Showing the Least Attack 
Alundum, Al,O, Hot pressed ees eave 8.3510 —0.06 No change 
Single-crystal Al,O, oon eee cee 0.4807 —.40 Surface etched 
Alundum, Al,0, Sintered ee aie 12.0325 —.16 No change 
Stabilized ZrO,, tan Fired ,3090°F , air <0.5 Sere 2.4453 —.14 No change 
Stabilized ZrO,, dark Fired 3090°F, argon < .5 wae 2.9676 -~1.35 No change 
71.7% Al,O,:28.3% MgO Fired 3100°F 4.5 3.24 3.6022 -—0.09 No observable change 
74.5% Al,O,:25.5% MgO Fired 3100°F 0.047 3.33 3.3533 ~.48 No observable change 
75.9% AlsO,:24.1% MgO Fired 3100°F .13 3.36 3.9972 —.29 No observable change 
77.3% Al,Os:22.7% MgO Fired 3100°F 1.9 3.33 4.1000 —.26 No observable change 
71.7% Al,O;:28.3% MgO Fired 3000°F 8.91 3.15 3.9389 -»- Broke into three pieces 
74.5% AlOs:25.5% MgO Fired 3000°F 5.59 3.21 4.6970 —0.52 No observable change 
77.3% Al,O,:22.7% MgO Fired 3000°F 7.48 3.25 4.6146 -—.41 No observable change 
Materials Appreciably Attacked or Dissolved 
75.9% AlyO,:24.1% MgO Fired 3000°F 6.19 3.24 4.9458 -13.2 No observable change 
BeO crucible “aks eee ee 0.9921 —39.1 Generai solution 
90% AlyO,:10% Al Fired 1800°F 36.6 2.00 4.1943 «+. | Decomposed on contact 
with water 
80% Al,O,:20% Al Fired 1800°F 22.3 2.08 3.6049 -e- | Decomposed on contact 
with water 
79.06% Al,O,:20.9% Al Fired 1000°F 35.52 2.32 3.6457 ..-  Decomposed on contact 
with water 
71.2% Al,O,:28.8% Al Fired 2400°F 30.52 2.62 3.3507 eee Decomposed on contact 
with water 
CaO Fired 3450°F 3.0 Siete 2.9407 -—46.3 Severely attacked 
TIN ioe 4.0 were 3.4704 —100 Completely dissolved 
TiC wee 0.5 eae 3.5662 —100 Completely dissolved 
Zrc eee 15.0 eee 3.6962 -100 Completely dissolved 
70% Fe O,:20% Zn0:10% NiO Compressed and wee sae 15.1392 coe Badly cracked; pieces 
sinte red fell out 
70% Fe,O,:20% Zn0:10% NiO =‘ Fired 4 hr aes eats 11,5007 ~e. Cracked into pieces 
2450°F , air 
Tungsten carbide 97% WC, 3% Co See ees 34.0609 —3.32 Matte-gray surface 
TiC mix (65% TiC: 15% rs wee jes 21.9519 -—3.32 Bright-appearing 
CbC + TaC :20ENi1) specimen 
ZnO Compressed and cee eae 4.0868 —8.00 coe 
sintered 
Cu,O Compressed and eee eee 9.7112 ~—100 Changed to a sponge- 
sintered like mass | 
NaSbO, Compressed and cee cee 5.0413 —100 Completely dissolved 
sintered ° 
TiO,, Batch 1 Vacuum -sintered, coe coe 15.9163 -—100 Completely dissolved 
3 hr 1400°F 
TiO,, Batch 2 Vacuum -sintered, oe eee 18.9498 ove Thick white scale; spec- 
2 br 1400°F imen heavily attacked 
B,C, Norbide Hot pressed eos coe 7.2145 — 32.9 
Mixed borides (B,C + TiB,) Hot pressed sieve ee 5.442 — 100 Completely dissolved 
Bonded Al,0, AXF 2616 ies coe 5.8060 —100 Completely dissolved 
SiC, Cystalon | coe coe ove 2.0971 — 1000 Completely dissolved 
MgO Sintered 4100°F , ees sae 8.2838 —-4.11 Surface glasslike 
argon 


* Forming-gas atmosphere (90% Ny, + 10% H;) above caustic; specimens suspended on nickel wires; caustic contained in 
individual nickel crucibles; Eimer and Amend sodium hydroxide pellets of the following analysis used: 


Assay (NaOH) 97.6% 
Chloride (C1) 0.005% 
Iron (Fe) .001% 
Other heavy metals (as Ag) .000% 
Carbonate (Na,CO,) .32% 


Phosphate (PO,) 0.000% 
Silica + NH,OH ppt. .000% 
Total nitrogen (as NH;-NO,) .001% 
Sulfate (SO,) .000% 
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Table 6.3.12 —Corrosion of Structural Metals* by Various Hydroxidest 
(ORNL-1170, Dec. 10, 1951) 

Weight Depth of speci- 
Hydroxide change, men affected, 
used Structural metal g/in mils Metallographic observations 

304 stainless steel ee 5.5 0.010-in. oxide layer 
316 stainless steel sae 9.0 0.010-in. oxide layer 
347 stainless steel — 0.083 4.7 0.006-in. oxide layer 
446 stainless steel bas 5.0 0.008-in. oxide layer 
Iron (Globe) —0.994 8.5 Heavy oxide formed 

Ba(OH), Zirconium], — .221 9.0 0.001-in. gray oxide layer 
Hastelloy-B —1.109 9.5 Heavy oxide formed 
Inconel-X age 6.5 0.020-in. oxide layer 
Nickel-Z 6.0 Erratic attack, 0.002 in 

average 
Monel —0.005 0.0 No evidence of attack 
Copper (O.F.H.C.) —.003 3 No evidence of attack 
304 stainless steel meee 12.0 Heavy oxide layer 
316 stainless steel eee 3.0 0.003-in. oxide layer 
347 stainless steel cee 7.0 0.020-in. oxide layer 
446 stainless steel ee 4.0 0.011-in. oxide layer 
Iron (Globe) coe 2.0 Heavy oxide layer, 0.017 in. 
deep 

Sr (OH), Zirconium t{ eiece Tu 0.001-in. oxide layer 
Inconel X sca 3.0 0.007-in. oxide layer 
Hastelloy B sess 9.0 Specimen heavily oxidized 
Copper (O.F.H.C.) coe 0.0 No evidence of attack 
Nickel A ee 0 No evidence of attack 
Nickel Z sita's 1.5 0.002-in. oxide layer 
304 stainless steel —0.185 4.5 0.014-in. oxide layer 

LiOH Inconel +.043 4.0 0.006-in. oxide 
Nickel-A —.001 0.0 No evidence of attack 


_*Test specimens were exposed in sealed, evacuated capsules of the same metal except 
as specified 
t Exposed for 100 hr at 1500°F under static conditions 
{Samples exposed in capsules of nickel 


Table 6.3.13— Melting Points and Heat Capacities of Pure Hydroxides'! 


Heat Capacity 

Temperature 

Compound Melting point, °C Cal/(gm)(°C) interval, °C 
LiOH 473 0.85 + 0.06 500 — 900 
NaOH 323 49+ .02 340 — 990 
KOH 380 35 + .02 400 — 950 
Sr (OH), §10 ~32 + .03 $70 — 900 
Ba(OH), 395 20+ .01 470 — 900 
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Table 6.3.14 — Density, Viscosity, and Vapor Pressure of Sodium and Potassium Hydroxides 


Sodium hydroxide Potassium hydroxide 
320°C —1.786* 320°C — 1.90f 400°C — 1.77* 400°C — 1.85f 
Density, gm/cc 400°C — 1.746* 360°C — 1.88t 500°C — 1.673* 440°C — 1.81f 
450°C —1.722* 400°C — 1.86f 550°C — 1.651* 
: 440°C — 1.84f 600°C — 1.629* 
350°C — 4.0 400°C — 2.3 550°C — 1.0 
Viscosity*, cp 450°C — 2.2 450°C — 1.7 600°C — 0.8 
550°C — 1.5 500°C — 1.3 
| = —7,10 
Vapor pressure} logioP mm 2 eee + 7.030 log ioPam =o aan 7.330 
T°K mo T°K 
(1010° — 1402°C (1170° - 1327°C) 


* Arndt and Ploetz, Z. physik. Chem. 121, 1926 
Tt Meyer and Heck, Z. physik. Chem. 100, 1922 
t von Wartenberg and Albrecht, Z. Electrochem. 27, 1921 


probably receive a radiation dosage of less than 100 watts,’cc, it is likely, in view of the 
radiation stability of uranium-bearing fluoride systems, that non-uranium bearing fused 
salts would prove satisfactory in this regard. 


PHYSICAL AND THERMAL PROPERTIES 


Physical properties of commonly considered coolants are listed in Table 6.3.15. 
Thermal-conductivity values for fused salts compare favorably with those for water and 
sodium hydroxide but are much less than that of sodium and three to four times less 
than those of heavy metals. The absolute viscosities of these salt mixtures are 10-fold 
higher than those of heavy metals. 

The system Li'’F-BeF,, with its resultant low induced activity, would seem to be a 
promising coolant mixture. 


BREEDER BLANKETS 


No experiments other than phase equilibrium studies have been reported for systems 
containing thorium fluoride. Since radiation stability of fluoride fuel systems has been 
established at low power levels, it is likely that fused-salt breeder blankets would be 
satisfactory in this respect. 

Corrosion by fluoride mixtures containing ThF, should be no worse than that exhibited by 
systems containing UF,; it is likely that the ThF, systems would resemble the uranium- 
free ZrF, mixtures in this respect. 

Physical and thermal properties of concentrated ThF, solutions are probably similar to 
those of similar concentrated UF, systems. The relatively high viscosities and low 
thermal conductivities, as well as the generally high melting points, of these mixtures will 
probably be major disadvantages. 
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Table 6.3.15 —Heat-transfer Properties of Various Coolants 


(R. C. Briant. Oak Ridge Nat. Lab., CF-52-19-9, Dec. 1, 1952) 


Melting § Thermal conductivity, Viscosity, Cp, Density, § CpxD, 
Coolant point, °c Btu/(hr)(°F ) (ft) cp cal/(gm)(°C) g/cc cal/(°C)(cc) 
Air ‘ose 0.04 0.04 0.29 0.00032 0.60008 
H,O* 0 35 7 1.0 1.0 1.0 
NaOH 323 of 1 0.49 1.7 0.83 
Hg Tf siete 7.5 1 .032 13 0.42 
Pb 327 8.6 1.2 037 10 037 
Na 98 34.5 0.2 -30 0.78 o23 
*At 100°F 
tAt 500°F 
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AUTHORS’ PREFACE 


The development of suitable means for process operation or control, at a distance or 
from behind a shield, is prerequisite to the solution of many problems in nuclear reactor 
technology. The four chapters of this section cover (1) viewing equipment for safely ob- 
serving them in process, (2) the handling of materials which are highly radioactive, (3) 
integrated “hot laboratories,” and (4) nuclear reactor control equipment, methods, and 
systems. The material of these topics constitutes an infant technology rather than an 
established science, and its application at the various laboratories and reactor sites de- 
pends on the particular requirements and a proper weighing of cost and performance fac- 
tors. 

The chapter material was prepared by several authors under the general direction of 
H. I.. Hull, with D. F. Uecker assisting in coordination and scheduling. 

Chapter 7.1, “Remote Handling,” is believed to be the first published attempt at corre- 
lating the various manipulator designs that are in existence and in use. A nearly complete 
catalog of manipulators developed during the past five years is included. The authors are 
indebted to the many designers and operators who supplied the information on construction 
and performance necessary to such a listing. 

Chapter 7.2, “Remote Viewing,” examines five basic viewing methods that have found 
wide application in this field. Advantages and limitations for each are given, especially for 
use in conjunction with various shielding materials and manipulators. The authors used 
material on periscopes published by J. M. Holeman of Hanford Works as background, and 
are indebted to W. B. Doe and L. M. Safranski of Argonne National Laboratory for data on 
zinc bromide and radiation-resistant glass. 

Chapter 7.3, “Hot Laboratories,” attempts to show the range in end-product that has re- 
sulted at the various sites when the building-blocks of viewing, manipulation, and shield- 
ing are combined in various ways. The five installations described are the first modern, 
high-level experimental facilities constructed at their several sites, and the operating ex- 
perience which is accumulating may allow the future designer to narrow the field of 
choice, The author wishes to thank R. T. Jones of Westinghouse Atomic Power Division, 
T. J. E, Glasson of Knolls Atomic Power Laboratory, and J. S. Gifford of Hanford Works 
who reviewed the chapter and supplied detailed information on their respective installa- 
tions. 

Chapter 7.4, “Nuclear Reactor Instrumentation and Control,” is believed to be a first 
attempt to assemble this type of design data, and the author hopes that his colleagues in 
the field will take the initiative in checking these design values so that better ones will be 
available in the future. 

The author thanks R. K. Swank, L. E. Johnson, A. C. Lapsley, H. Bryant, S. G. Kauf- 
mann, and W. C. Redman for helping him assemble data on instruments; J. R. Dietrich for 
assistance on the reactor physics; T. Brill, J. S. DeShong, and W. C. Lipinski for helping 
with the other phases of control. All of these men on the Argonne National Laboratory 
staff gave generously of their time in both editing and consultation. 

Invaluable advice and assistance was also obtained from M. A. Schultz at Westinghouse 
Atomic Power Division and E. P. Epler at Oak Ridge National Laboratory. The author re- 
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grets that, owing to lack of time, he was unable to lean more heavily upon these control 
specialists for assistance and ideas, 


In all of the above, an attempt has been made to include developments through late 1952. 
Where a field has been recognized as being especially in a state of flux, or where develop- 


ment work still in progress was included, the several authors have generally so qualified 
their remarks. 


For the Remote Control Engineering Group 


H. L. Hull* 
D. F. Uecker 


*Present address, Farnsworth Electronics Company, Ft. Wayne, Ind. 
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CHAPTER 7.1 


Remote Handling 


R. C. Goertz and F. Bevilacqua 


A continuing need exists for equipment with which to handle the radioactive specimens 
and assemblies encountered in reactor development and operation. Obviously, any human 
participation in such handling operations must occur behind a barrier or at a considerable 
distance. Two alternatives are open to the person faced with a remote handling operation: 
He may design a special-purpose machine to accomplish only the specific task at hand, or 
he may use one of the general-purpose manipulators which are, however crude, mechanical 
arms capable of many of the operations that the man could perform. 

The advantage may lie with the special-purpose machine if the handling task is: (1) be- 
yond the ability, in precision or speed, of the operator or (2) sufficiently repetitive to justi- 
fy the time and cost of construction. These requirements are characteristic of many of the 
AEC’s production operations. Of the many possible examples, however, only selected re- 
actor-refueling equipment is illustrated in this chapter since that handling task is common 
to the design of all heterogeneous reactors. 

If, aS is uSual in reactor development, the handling task is not well known in advance or 
if it varies widely and frequently and is so complex that construction of a special-purpose 
machine would be prohibitively expensive, the more versatile general-purpose manipulator 
is indicated. The illustrations given here comprise a nearly complete catalog of those 
general-purpose manipulator designs completed during the last five years. It is possible 
that some of these may be useful in future applications with little or no modification. 


REACTOR REFUELING SYSTEMS 


The complexity of a refueling system can vary over a wide range. The basic refueling 
techniques, however, can be grouped into four major categories: (1) “Through-hole re- 
fueling” in which fuel is charged into holes on the cool side of the reactor, simultaneously 
discharging spent fuel from the hot side; (2) “single-end refueling” in which a shielding 
coffin is used to protect personnel; (3) “single-end refueling” in which the refueling opera- 
tion takes place in a shielded room from which personnel are excluded; (4) “single-end 
refueling” in which refueling takes place beneath a light-water shield. An example of the 
last category has been selected for detailed description below. The design details, which 
are included to indicate the general complexity of the system are not typical beyond that 
extent but are, instead, completely dependent on the requirements of the reactor and the 
fuel elements with which it operates. 


SINGLE-END REFUELING USING A LIGHT-WATER SHIELDING TANK 


Representative of this system is that of the MTR reactor described in detail in the Oak 
Ridge National Laboratory Manual ORNL-963 entitled Materials Testing Reactor Project 


855 


CHAP. 7.1 HANDLING AND CONTROL 


Handbook and shown schematically in Figs. 7.1.1 and 7.1.2. Although this particular reac- 
tor is a 30,000-kw unit designed specifically for materials testing, a similar fuel-handling 
technique could be applied to large production reactors which use light-water moderation 
and cooling. 

The basic advantage of this type of system is the economy resulting from the use of light- 
water shielding through which personnel above the reactor can work safely. Such a system 
allows the use of locally controlled apparatus for unloading with direct observation of the 
procedure through the shielding water. 
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Fig. 7.1.1— MTR Schematic. 
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TYPE OF REACTOR 


Light-water moderated and cooled, single-end, vertical fuel-loading reactor. 


TYPE OF ELEMENTS HANDLED 


1. Fuel assemblies consisting essentially of 18 aluminum-clad enriched-uranium plates, 
approximately 0.060 in. thick, spaced 0.118 in. apart, and brazed into aluminum side plates 
to form a fuel element approximately 3 in. < 3 in. x 48 in. long. 

2. Shim rods approximately 3 in. < 3 in. < 13 ft long. 

3. Safety rods approximately 3 in. xX 3 in. x 13 ft long. 


EQUIPMENT REQUIRED 


1. A large crane to remove the top plug. 

2. A small crane to aid in handling fuel and other reactor elements. 

3. A variety of long-handled tools for grappling the fuel elements under 17 ft of water. 

4. An underwater light assembly to provide adequate illumination. 

5. A special discharging mechanism for transferring the reactor elements from the 
reactor discharge hole to the canal. This mechanism consists essentially of an assembly 
receiver cylinder which can be rotated from a vertical to a horizontal position; within the 
cylinder is a hydraulically operated piste” 


SHIELDING REQUIREMENTS 


A biological shield of steel and concrete surrounds the reactor to absorb the neutron 
and gamma fluxes escaping through the reflector during operation. The shield reduces 
these radiations to a level safe for personnel and at which sensitive instruments can be 
operated outside the shield. 

The top of the reactor is shielded by approximately 17 ft of light water and a 12-in.- 
thick lead-shot-filled stainless-steel plug used to support the control rods and their drive 
mechanisms. With the reactor shut down the water alone provides adequate shielding for 
personnel working on top of the reactor. The bottom of the reactor is shielded by approxi- 
mately 6 ft of light water and an 18-in.-thick lead-shot-filled stainless-steel plug. 

Under the reactor runs a canal which is sufficiently deep so that personnel can handle 
submerged fuel elements safely. The top of the canal is approximately 7 ft below the bot- 
tom of the reactor. 


CONTROL SYSTEM 


All operations are performed manually or with small power tools except for the element 
transfer in the sub-reactor room. This operation is controlled from a station adjacent to 
the reactor and the canal. Pushbuttons on the panel control the following: 

(1) Elevating or lowering the receiver cylinder. 

(2) Opening or closing of the seal at the discharge chute and receiver junction. 

(3) “Raising” or “lowering” the piston in the receiver cylinder. 

(4) Purging the discharge-chute. 

(5) Opening or closing the discharge-chute gate valve. 

The position of the piston in the receiver cylinder is indicated on a dial mounted on the 
control board. Indicator lights on the control board provide information about the other 
operations. Interlocks are provided to ensure proper sequence of operations. Indicator 
lights and telephones provide additional communication between the operators at the top of 
the reactor and those at the control panel. 
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TYPICAL OPERATING SEQUENCE 


The reactor is shut down and allowed to cool. During this time, water pressure is re- 
lieved, and the shim rods and regulator rods are de-clutched, allowing them to rest in 
their lowest position. The top plug with the control mechanism is unbolted, lifted, and car- 
ried by the main crane to a storage area. The upper guide-grid assembly is lifted from 
its support casting and placed on a support rack within the reactor tank. Before any fuel 
elements are lifted, two pieces of the beryllium reflector and the discharge-chute shield- 
ing plug are lifted and stored within the tank. With long-handled tools, men working on top 
of the reactor through the light-water shielding grapple a fuel assembly, raise it clear of 
the lattice, move it sideways to the discharge chute, and lower it into the discharge-chute. 
The discharge mechanism is raised to the vertical position just beneath the discharge tube. 
A remotely operated hydraulic seal at the lower end of the discharge tube is actuated, 
joining the cylinder and the discharge tube. The piston in the cylinder is raised or lowered 
to a position depending on the type of assembly to be received. A purging line attached to 
the upper end of the hydraulic seal supplies demineralized water at a pressure greater 
than the head pressure in the reactor tank, ensuring a steady flow of inactive water up the 
discharge tube when the gate valve is opened. With the gate valve opened, the fuel element 
is lowered manually into the receptacle in the piston. The gate valve is closed, the purge 
stopped, the seal opened, the discharge cylinder rotated to the horizontal position, and the 
fuel assembly ejected onto the receiving table. The assembly may then be picked up with 
long tongs and transferred manually to the canal storage area. The discharge cylinder is 
returned to the vertical position, and the cycle is repeated. 

Charging of the reactor can be accomplished by either of two methods. New and inactive 
elements can be manually loaded from the top of the reactor. Fuel and other elements can 
also be loaded into the reactor by reversing the unloading procedure. This permits intro- 
ducing elements which have become active and were temporarily stored in the canal. 


EXTRAORDINARY OPERATING CONDITIONS 


During transfer of the fuel element into the discharge cylinder all personnel must be 
excluded from the sub-reactor room. All other operations are carried on beneath a suf- 
ficient depth of light water to protect the personnel. 


GENERAL-PURPOSE MANIPULATORS 


A general-purpose manipulator is considered to be a remotely-controlled mechanical 
arm capable of gripping diverse objects and having sufficient degrees of freedom to ma- 
nipulate an object to almost any orientation and position in a working volume. All move- 
ments of the manipulator arm are controlled by a human operator who is outside the work- 
ing volume and separated from it by a shielding barrier or distance. 

The general-purpose manipulator may also be considered to be a remotely-controlled 
mechanical arm capable of performing the same general type of handling and manipulations 
as are ordinarily done manually. Of course, the manipulator may have a lower or higher 
load capacity than the human arm. 

It may also be considered to be a mechanical arm remotely-controlled to follow the de- 
mands or actions of a human operator and to assume some of his skills of manipulation. 

Manipulators which fall within one or more of the above definitions have been designed 
and built in many different shapes and sizes and with different functional characteristics. 
Features that may be desirable for some uses may not be desirable in others or may not 
be justifiable from an economic point of view. Since the manipulator is a mechanical arm 
with many degrees of freedom of motion and since all these motions are under the direct 
control of an operator, the design of the manipulator system must be considered from two 


859 


CHAP. 7.1 HANDLING AND CONTROL 


different points of view. In the first place, it is necessary to build a mechanical arm ca- 
pable of performing the work expected of it; that is, it must have enough degrees of free- 
dom, power capacity, and the like. Secondly, it is necessary to design the control system 
and some additional features of the manipulator arm itself so that the operator can control 
it with reliability and dexterity. 


TYPES OF MANIPULATIONS AND CORRESPONDING REQUIREMENTS 


In order to establish some of the fundamental requirements in the design of a remote, | 
general-purpose manipulator, the three most common types of manipulations will be ex- 
amined. 


FIRST TYPE OF MANIPULATION 


The first type involves the handling and orientation of solid objects without bringing them 
into precise contact with fixed equipment, e.g., picking up a container from a surface, 
transporting and tipping it to pour out a specimen, or picking up a solid specimen and plac- 
ing it into a loose-fitting chuck or vise. Requirements for this type of manipulation are 
listed below. 


Degrees of Freedom 


The mechanical arm must have a minimum of three independent degrees of freedom of 
translation and three independent degrees of rotation to position and orient its tongs and 
the grasped object. The tongs must have another independent motion for opening and clos- 
ing their jaws. Either a rectilinear or polar system can be used to provide effectively 
translational motion. Additional degrees of freedom are often needed to change the shape 
of the arm, extend the working volume, add gripping motions, or to eliminate “zenith” ef- 
fects when two axes become parallel. 


Shape of Arm 

The arm should have a long slender shape with a wrist joint at the end. The tongs are 
attached to the wrist joint. For any given load capacity, it should be as small as possible 
to avoid visual and physical interference with other equipment in the shielded space. 


Mounting 

Some part of the arm must be mounted on a “rigid” structure and have the seven princi- 
pal degrees of freedom with respect to this reference. This mounting is needed so that the 
arm may exert a force in any direction or a couple about any of its axes. The. “rigid” ref- 
erence may be adjustable so as to move the manipulator to a new location or change its 
orientation. These arms, mounted on a suitable remote-controlled vehicle, would form a 
general-purpose robot. 


Load Limits 
Force and torque limits are needed to protect the object, equipment contacted by the ma- 


nipulator, and the arm itself. 
Controls 


This type of manipulation may use relatively simple controls such as “on-off-on” elec- 
tric switches. More complicated controls may be desirable to increase speed, accuracy, 
and ease of operation. 
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Power Drives 


Any power system may be used that is remotely controllable. The efficiency of the 
prime mover, mechanical gearing, and linkages may be low. 


SECOND TYPE OF MANIPULATION 


This type involves the handling of precision parts or specimens and manipulating them 
into place on a snug-fitting mating part of a fixed piece of apparatus. An example is to 
pick up a precision cylinder from a table top, move it through space, and place it into a 
close-fitting collet chuck. The operator can control the motions of the manipulator re- 
quired to bring the cylinder to the chuck, orient it approximately, but cannot control the 
small final orientation and exact final position. The final small alignment of the cylinder 
is determined by the chuck and not by the manipulator. To avoid high forces and to allow 
for the alignment, the manipulator must yield a small amount. 


Compliance 


Some form of compliance, or effective compliance, must be included into the manipulator 
arm to accomodate the final alignment. This could be in the form of elasticity, yield by 
clutch slippage or, as indicated below, the drives could be bilateral. 


THIRD TYPE OF MANIPULATION 


This is the condition where a control part or handle on a fixed apparatus is operated by 
the general-purpose manipulator. The control part is generally free to move in only one 
degree of freedom. The total path of the part and the manipulator tongs gripping it is de- 
termined by the apparatus. Turning a crank is an example. The operator cannot control 
the manipulator to follow this path exactly. Since the control on the apparatus is probably 
not capable of withstanding the maximum forces that the manipulator could exert in any 
direction, the manipulator must, through forces on its tongs, accommodate this path with- 
out exerting high forces except in the direction of the path. The path may not be easy to 
follow by direct control of the ee and the positional and orientational errors may 
be fairly large. 


Bilateral Drive and Force Reflection 


Although it. is possible to perform some of these manipulations if the manipulator arm 
has enough compliance, the more complicated control motions where forces must be care- 
fully limited, can better be controlled with bilateral force-reflecting drives in all of the 
principal degrees of freedom. This will allow the manipulator to be driven backwards to 
follow the prescribed path but at the same time to exert a force in approximately the right 
direction. Efficient mechanical linkages, such as those used in “master-slave” manipu- 
lators, are examples of this kind of bilateral drive. Another bilateral system is an elec- 
trically connected force reflecting positional servomechanism. Several laboratory models 
have been reduced to practice at Argonne National Laboratory. 


Human Engineering and Additional Requirements 


In order for the operator to control the general-purpose manipulator, it is necessary 
that the over-all system be compatible with his capabilities; a brief review of these capa- 
bilities will be helpful. 

Direct manual manipulation is one of the highly developed skills of the human being. The 
steps in manual manipulation are usually to visually observe a situation, plan the changes 
desired, move the hand to grasp the object, and then apply a force to move it in the de- 
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sired direction. This very complicated process takes place so fluently and quickly that it 
is generally taken for granted. Internal stimuli are sent from the brain causing the mus- 
cles to respond. The brain continually receives four general types of stimuli: visual, 
kinesthetic, tactual, and auditory. Kinesthetic stimuli are sent from muscles, ligaments, 
and the like to the brain to give the approximate position, speed, force, etc.. of the arm and 
hand. Another important characteristic of the human arm and hand is that all of its mo- 
tions are bilateral; i.e., they can be motivated by their own power drives (muscles) or can 
be caused to move backwards by an external mechanical force. 

In the design of a manipulative system, it is desirable to take advantage of these char- 
acteristics so that the operator can control the manipulator with greater accuracy and 
speed. 

Quite often-it is desirable for the operator to control all seven principal degrees of 
freedom at one time and at the same time devote most of his intelligence and attention to 
the effects or results of the manipulation instead of on the manipulator controls. 


Vision 


Good visual means must be provided. The system should provide a natural three -di- 
mensional view. 


MASTER-SLAVE MANIPULATORS 


In an attempt to capitalize on the natural characteristics of the human operator, master- 
slave manipulators (Figs. 7.1.9 to 7.1.13) were developed. All seven motions of the slave 
tong are driven synchronously in orientation and position by a single master handle. All 
motions have high mechanical efficiency, low inertia, low friction, and are bilateral. 
Therefore, the position and force on the tongs are reflected back to the control handle so 
that the forces and torques are approximately the same as if the operator had the tongs 
and its grasped object in his hand. 

The manipulators are easy to operate and require only a small amount of operator 
training. All three types of manipulation, described above, can be carried out with good 
dexterity. 

The present designs have mechanical connection for all motions and consequently have 
limitations of load capacities and installation. Loads are limited by the strength of the 
operator’s hand as applied to the control handle (5 to 10 lb maximum). The use of bilateral 
servos can extend this load capacity to much higher (or much lower) values and retain 
natural movement of control handle and reflected force “feel” proportional to the load. 


OTHER MANIPULATORS 


Many manipulators have been designed that do not include many of the features of the 
master-slave type but gain other features (Figs. 7.1.3 to 7.1.10). Generally, these manipu- 
lators are powered with unilateral on-off or variable-speed drives and are driven by elec- 
trical motors or electrically-controlled hydraulic systems. They can be designed for al- 
most any load capacity, require only electric wires between the controls and the mechani- 
cal arm, and can be constructed out of standard commercial components for the most part. 

A certain amount of human engineering is included in the design of these manipulators. 
For example, the controls are generally arranged in an orderly fashion and are often ar- 
ranged to move in a direction corresponding to the motion they control. Force indication 
is often provided on the “squeeze” motion. 

The operating speed and dexterity of these manipulators is much lower than those of 
master-slave manipulators. Extreme care is required when working in the vicinity of 
delicate equipment and apparatus. They are suitable for the first type and, to a limited 
extent, the second type of manipulation described above. They are not generally suitable 
for the third type of manipulation. 
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SPECIFIC MANIPULATORS 


Figures 7.1.3 through 7.1.18 illustrate the over-all dimensions and brief functional 
characteristics of 11 manipulators in use or well along in design or construction. This 
list includes most of the general-purpose manipulators in use within the AEC and one for 
use by the Army Chemical Center (Bridge Hydraulic). 
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Fig. 7.1.3—Argonne Rectilinear Manipulator. This light-duty manipulator 

was designed to operate in confined spaces. The wrist-joint drive motors and 
gripping drive are mounted at the top of the column to conserve space at the 
wrist-joint. The motions are driven by DC motors whose speed and direction 

are switch-controlled at the control box shown. One of four degrees of gripping 
force can be selected, the highest of which generally limits the use of the manipu- 
lator to objects weighing 1 lb or less. The installation shown has a working vol- 
ume of 60 x 6 x 4 ft high. 
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Fig. 7.1.4— Brookhaven Electric Manipulator. A pneumatic cylinder with 
controllable air pressure is used to develop gripping forces up to 175 lb. The 
tongs are capable of handling objects weighing up to 15 lb, but the Z motion is 
capable of a 200-lb lift. This manipulator is installed in a ‘‘benchtop’’ cave 
having a working volume of 10 < 2 < 4.5 ft high. 
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Fig. 7.1.5—Oak Ridge Electric Manipulator. All of the wrist motions of this 
manipulator are capable of unlimited rotation as a result of the offset wrist 
construction. A single motor drives the three rotations, the desired one being 
selected by magnetic clutches and a planetary gearset. The motor-driven tongs, 
which are interchangeable, stop automatically when a preselected gripping 
force is reached. The manipulator is generally capable of handling objects up 
to 20 lb. The translational motions have deliberate compliance, with electrical 
limit switches in case the compliance is exceeded. The installation shown has 

a working volume of 38 x 5.5 x 4 ft high. 
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Fig. 7.1.6 —Mechanical Arm, Model C (General Mills, Inc.). The tongs of 
this manipulator can be remotely replaced with a hook which is capable of 
greater force exertion and which can operate specially designed ‘‘hand tools,’’ 
such as tin snips and an impact hammer. Meter indication is provided of the 
gripping force, which is sufficient to handle objects weighing up to 75 lb. All 
motions are driven with d-c motors, variable voltage being supplied from the 
two-handled control console shown. The installation shown has a working vol- 
ume of 60 x 6 x 7 ft high. 
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Fig. 7.1.7 —Bridge Hydraulic (Greer Hydraulics, Inc.). All motions of this 
manipulator are hydraulically driven from a single pump. The variable pump 
output is directed to the several motions by solenoid valves operated from the 
console shown. Visible are the forward and reverse pushbuttons for each 
motion, the common speed control, and the position indicators. The tongs, 
which are remotely interchangeable with a variety of special-purpose tools, 
are capable of handling objects weighing up to 100 lb. The installation shown 
has a working volume of 18 X 8.5 x 6 ft high. 
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Fig. 7.1.8 —General-purpose Manipulator (Farrel-Birmingham Co., Inc.). 
The entire wrist-joint assembly of this manipulator can unscrew itself from 
the column and be remotely replaced. A two-handled control console is pro- 
vided on which the right hand controls wrist rotations and the left hand controls 
translational motions. The manipulator is capable of a 100-lb force in any 
direction and a normal gripping force of 50 Ib. The tongs are remotely re- 
placeable with others having grips of up to 300 lb. 
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Fig. 7.1.9-——Heavy Manipulator (General Electric Co.). Most of the motions 
of this manipulator will be powered with amplidyne sets individually controlled 
at the console. It is to be capable of a 500-lb force in any direction with a grip- 
ping force of 2500 lb and a straight lifting capacity of 5000 lb. The proposed 
working volume is 150 x 51 x 26.5 ft high. 


869 


CHAP. 7.1 HANDLING AND CONTROL 


~ 


— sie 2s Sa Wi 


iW =—- 
z ca € = Za ZZ SS fi 


J 3, 


SLAVE WRIST 
JOINT Mis: 


SLAVE TONG 


AZIMUTH 


ees 
-”-, 
se 
°. 
Ss. 


/.. WRIST JOINT 


Fig. 7.1.10—Argonne Master-Slave, Mod. 4. This fully master-slave manipu- 
lator is in use in a number of installations. The slave arm normally enters the 
shield through an oversize hole in the roof; the resulting scattered radiation 
limits use to activities of about 500 curies, unless the roof is extended to also 
cover the operator. The design has been highly refined to achieve minimum 
mass, friction, and resilience and has been declassified for manufacture out- 
side of the AEC. It is capable of handling objects of up to 10 lb, but it is es- 


pecially applicable where fragile specimens or delicate equipment require 
sensitive manipulation. | 
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Fig. 7.1.11—Argonne Master-Slave Mod. 6. These manipulators work 
through a slot in the cave wall and are mounted on a carriage which traverses 
the length of the slot. The static coverage is further increased by a motor- 
driven telescoping of the horizontal tube. The later Mod. 6B achieves a similar 
result with a fixed tube by translating the entire manipulator. The itinery of 
the Elgiloy tapes which connect the master and slave ends is considerably com- 
plicated by having to pass through the horizontal tube, and there is a noticeable 
increase in friction by comparison with the Mod. 4 design. The Mod. 6 and 6B 
designs have been declassified for manufacture outside of the AEC. 
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Pig. 7.1.12 — Argonne Master-Slave, Mod. 7. A contamination boot has been 
provided on this manipulator, being sealed to the roof of the cell and covering 
the wrist joint so that only the tongs are exposed. The manipulator is therefore 
useful for performing ‘“‘open’’ chemistry in a shielded dry box and other situa- 
tions where a serious contamination hazard exists. The manipulator was de- 
signed to be a permanent part of a mobile shielding wall. The counter-weight 
tubes can be easily lowered and the manipulator set at its lowest position for 
clearance through normal-sized doors. It has a load capacity of about 4 Ib. 
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CHAPTER 7.2 


Remote Viewing 


G. S. Monk, K. R. Ferguson, and D. F. Uecker 


REQUIREMENTS OF VIEWING SYSTEMS 


The observation of a procedure involving radioactive material is complicated by the 
necessity of seeing through or around the required biological shield. ‘‘Seeing’’ here 
denotes receiving the same visual impressions as those of an observer moving around in- 
side the shield. These visual impressions depend upon: (1) a wide angle of view and the 
ability to scan to provide an impression of over-all size and spatial relationships in two 
dimensions; (2) depth perception to ‘round out’’ the view, a powerful aid if manipulation 
is contemplated; (3) the ability to view from various vantage points and distances; (4) color 
perception; and (5) the ability to use optical aids for special purposes such as macro- and 
micro-examinations. In addition, the image should be sufficiently free of distortion and 
other optical defects to allow its prompt interpretation and of sufficient resolution to per- 
mit perception of fine detail. 

No single viewing method has been devised which satisfies all of these requirements. 
Complementary viewing methods have been provided, therefore, to satisfy the needs of a 
particular installation. 


BASIC TECHNIQUES 


Viewing methods which are all-optical depend on the difference in degree of transmis- 
sion, reflection, and refraction between visible light and high-energy radiation; i.e., 
visible light may be preferentially passed through a filter of glass or liquid or propagated 
by means of mirrors or lenses through a labyrinth which is essentially opaque to atomic 
radiation. Methods which depend upon transparent shielding material to filter out high- 
energy radiation include observation of submerged operations and observation through 
windows. Methods which depend upon a labyrinth effect for shielding include observation 
by means of reflecting systems, periscopes, or borescopes. Television, not being all- 
optical, constitutes a third basic technique. The passage of the camera cable through the 
shield creates little radiation hazard, but low resolution and other difficulties have pre- 
vented its widespread use. 


SUBMERGED OPERATION 


Where the nature of the radioactive material and equipment allows, the entire process 
may simply be submerged to a sufficient depth in water. The method has the following ad- 


vantages: 
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(1) It is inexpensive and reliable, both as a shield and a means for viewing. 

(2) It is the only satisfactory method known for very high activity levels. 

(3) The open top of the tank allows freedom for more than one. operator to see and work 
from various angles. 

(4) It allows the use of simple, longhandled tools and grapples to accomplish rudimentary 
manipulations. 

An important disadvantage is that commercial machinery and equipment is not suitable 
for underwater operation, and adaptation may be expensive. 

The method is widely used, primarily to receive reactor fuel for cooling and for pre- 
liminary operations such as sorting, weighing, and gross inspection. A few installations 
for experimental work are known, including a versatile machine tool which was custom 
built for underwater service. 

A simple and useful optical aid is a glass-bottomed box floating on the surface which 
eliminates ripples. Unaided vision is thereby greatly improved, and the use of a telescope 
or binoculars is made possible. For considerably magnified views, waterproofed peri- 
scopes have been built that dip down to the vicinity of the operation. Their optical design 
is generally not complicated by the necessity for underwater operation. 

Cloudiness or contamination can be controlled by replacing the water periodically, but 
facilities for handling large volumes of liquid waste are therefore necessary. An alterna- 
tive is the use of a recirculating filter. 


WINDOWS 


DESCRIPTION 


A shielding window is an opening in a biological shield which is filled with a transparent 
material having the same protecting properties as the surrounding shield. Water, concen- 
trated aqueous solutions, other dense liquids, and glasses of various compositions have 
all been used, An economical and popular form of window is a simple rectangular solid, 
although a frustum of a pyramid conserves window material. In either case, the optical 
faces are parallel, and the resulting effects are those of a thick parallel plate. 


APPLICATIONS 


Some of the capabilities and limitations of windows are: 

(1) They can be used to provide the gamma-shielding equivalent of up to 4 ft of concrete 
(more if the exposure is intermittent). 

(2) The stability of materials other than water is not as well known for neutron activity 
as it is for gamma irradiation. 

(3) Apertures up to 5-ft square are feasible, so that the operator has considerable bodily 
freedom while observing. In the case of a small shielded enclosure, this freedom can be 
used to achieve a variety of vantage points. 

(4) In a large enclosure, gross changes of vantage points require multiple windows and 
operator mobility. This may require multiple control stations for manipulative equip- 
ment or preclude the use of mechanically connected manipulators. 

(5) More of the elements of normal vision are retained than with any other single viewing 
method, e.g.: | 

(a) The field of view can approach 180°, over which the eye can rapidly scan. 

(b) Unimpaired binocular vision is retained with a minimum optical distance. * 


*The optical thickness of the window for small angles of incidence is 1 /n of the actual thickness, 
where n is the index of refraction of the window material. For objects close to the inner surface of the 
window, image size and depth discrimination are perceptibly increased. 
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(6) For experimental work, standard commercial apparatus may be used with nearly 
normal operator-equipment orientation. 


PERFORMANCE 


A shielding window tends to reduce the acuity of vision by its effect on the following 
optical factors: (1) resolution; (2) discrimination of color and contrast, and (3) freedom 
from distortion. 


RESOL UTION 


A window introduces chromatic aberration, spherical aberration, and localized optical 
imperfections, all of which contribute to a slight loss of resolution. 

In viewing with the unaided eye, most of the loss of resolution can be attributed to chro- 
matic aberration which occurs only for viewing distances shorter than a few multiples of 
the window thickness. In the case of a 3-ft-thick window with a sight line having a 60° 
angle of incidence, the loss of resolution is just measurable at an observer-to-object dis- 
tance of 8 ft, though color fringes are definitely observable at greater distances. 

For magnified vision through a window, tests indicate that local imperfections are of 
minor importance compared with spherical and chromatic aberrations.! Resolution can be 
increased by optimizing the aperture, i.e., objective-lens diameter, of the telescope as the 
viewing distance is varied. For smaller apertures the resolution of the telescope-window 
system is reduced by the telescope, and for larger apertures by the window aberrations. 
Table 7.2.1 lists the range of optimum apertures and magnification for various distances. 


Table 7.2.1—Optimum Telescope Apertures and Magnification for Vision Through Windows 


Viewing distance, Aperture, Total aberrations, 
ft in.* seconds of arc Magnification 
100 1.5 — 3.5 4 15 
60 1.2 — 3.3 5 12 
30 0.8 — 2.4 8 8 
20 8 —1.8 9 7 
10 5 —1,.2 14 4 


*At the limits of the range of apertures indicated, the aberrations are increased by 1 
second of arc. The data were obtained by measurements on a 3-ft-thick glass-filled window 
with white light illumination 


The tabulated values of optimum magnification may be increased to allow for imperfections 
in the telescope and the eye and to relieve eyestrain, but no increase in resolution will be 
achieved, and excess power will limit the angle of view. When viewing at other than zero 
incidence angle through a window with object distances under 100 ft and with white light 
illumination, the usable magnification decreases rapidly with increasing incidence angle 
and approaches unity at an incidence angle of 60°. This magnification may be increased by 
a small amount by the use of monochromatic lighting. 


DISCRIMINATION OF COLOR AND CONTRAST 


Color is important in most viewing and can be preserved by using colorless window ma- 
terials and white light illumination. As pointed out previously, the use of monochromatic 
lighting will increase the resolution that can be achieved in some cases. However, be- 


‘References appear at end of chapter. 
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cause of the resulting loss of color discrimination, monochromatic lighting is desirable 
only where the white light would actually interfere with observation. 

Object ard lighting contrast is a paramount optical factor in the discrimination of detail. 
With good window materials and designs, the existing contrast will not be perceptibly 
altered. Haze in liquid windows, incomplete polish on glass surfaces, and multiple surface 
reflections are some of the factors that must be controlled to preserve contrast. 


DISTORTION 


A window introduces a distortion which curves plane surfaces, since the apparent dis- 
tance is a function of the window thickness along the line-of-sight. This curvature is 
severe only when the viewing distance approximates the window thickness or when viewing 
at an angle of incidence greater than about 60°. 


TRANSPARENT SHIELDING MATERIALS 


It is usually desirable that the window material have approximately the same shielding 
effectiveness per unit of thickness as the rest of the biological shield. Interest has been 
concentrated, therefore, on materials with half-value layers* comparable to those of con- 
crete, steel, and other common shielding materials. 

A second requirement is that the window material have such desirable optical qualities 
as: a high transmission of at least a portion of the visible spectrum; freedom from im- 
perfections, such as local variations of index of refraction (striae); a minimum of haze or 
turbidity; and a high index of refraction to permit a large angle of view through a small 
window aperture. 

A third requirement is stability of color and clarity against both time and intense radia- 
tion. 

The installed cost of a window and the radiation hazard and possible toxicity of the win- 
dow material in case of breakage are further factors for consideration. 

The materials discussed below satisfy various weightings of the above requirements. 


WATER 


Water is the logical choicefor economy and radiation stability. Distilled water or freshly 
filtered water is sufficiently clear to permit excellent vision through 10 ft or more, cheap 
enough to be attractive in spite of the larger size required by its low density and index of 
refraction, literally water-white, and virtually unaffected by gamma or neutron absorption. 

Its low density does require a window which is 2.5 to 8 times as thick as an equivalent 
glass or dense liquid window, however. Detail perception for objects near the window is 
correspondingly impaired. For machinery installations and the like which cannot be 
brought close to the window for examination the lower density is of less disadvantage. For 
a given angle of view, a water-filled window requires a greater aperture through the shield. 
This in turn will require larger and thicker cover plates and, in the extreme case, 
multiple panes strengthened by mullions. 

The deposits and cloudiness observed in some windows filled with filtered water are not 
well understood. The need to replace the water and remove the cover plates for periodic 
cleaning should be anticipated. 


ZINC BROMIDE SOLUTION 


A water solution of zinc bromide is in current widespread use as a window material.” 
The requirements of the ‘‘optical grade’’ solution are covered by a general specification.° 


*A half-value layer is the thickness of any given substance required to attenuate the incident 
radiation by one half, commonly abbreviated HVL. 


878 


REMOTE VIEWING CHAP. 7.2 


The density range of the zinc bromide solution has been chosen to give a freezing point 
just above that of water. (This allows the solution to be shipped by common carrier with 
ordinary precautions against freezing.) The solution density is 2.50 to 2.54, corresponding 
to 77.0 to 78.3 percent dry weight of zinc bromide (16.0 to 16.6 lb of dry zinc bromide per 
gallon of solution). At the current dry-weight price of zinc bromide, $0.60/lb, the average 
price of the solution is $10/gal. Table 7.2.3 lists some properties of zinc bromide solu- 
tion. With material of the quality currently being produced, it is no longer necessary to 
provide for periodic filtering of the solution. The light transmission of the solution is 
initially excellent, and the thickness of window that may be used is limited only by the 
radiation stability of the solution. 


Hazes 


Occasional difficulty has occurred with haze formed by the slow precipitation of alkaline- 
earth sulphates (barium, strontium, and calcium have been identified) thought to result 
from mixing different production batches. Metallurgical experimentation was continued 
without interruption through a 3-ft window while such a haze formed and settled out after 
9 to 12 months. 


Oxidation 


Oxidation can result either by contact with the air or by exposure to radiation. In either 
case the solution will be deeply colored by the oxidation of only a few parts per million of 
iron. In the absence of any other reducing agent, exposure to radiation will liberate free 
bromine from the solution. To prevent these effects, a reducing agent is added whose oxi- 
dation products introduce neither color nor haze to the solution. Hydroxylamine hydro- 
chloride, H,NOH-HCL, is satisfactory in this respect. The addition of 4 oz per 100 gal of 
zinc bromide solution will protect a thin layer of the solution from a 10°r exposure. In a 
thick window, relatively unexposed solution on the operator’s side will be thermally mixed 
with exposed solution from which the reducing agent has been exhausted. On this basis, an 
exposure to Co" radiation of about 10'r will be required to consume the reducing agent in 
a 3-ft-thick window. With radiation having a range of energies, the low-energy component 
will be absorbed in the first few layers and cause a more localized exhaustion of the re- 
ducing agent. 

The gaseous oxidation products of hydroxylamine are somewhat soluble in the zinc 
bromide solution, but incident exposures of 10° to 10°r within 24 hr will certainly cause gas 
evolution. If the bubbles rise rapidly the effect may not be serious, but operating experi- 
ence is lacking. 

The sulfide-ion concentration in the zinc bromide solution can be kept below a few tenths 
part per million by completely oxidizing the solution during its preparation, as required by 
the specification. Unless this is done, a haze of free sulfur, which will not be reduced by 
the stabilizer, will form upon irradiation. 


Contamination 


Contamination can be eliminated by allowing only materials to come in contact with the 
solution which have been so tested for a year or more. Nickel and cobalt are soluble in 
and impart color to zinc bromide solution. Chromium from dissolved stainless steel will 
precipitate slowly and form a haze. Many organic materials will impart strong color to 
the solution and produce dense hazes. The following materials are suitable for equipment 
coming in contact with the solution for very limited periods, preferably less than 1 day: 
Polythene, Tygon, Koroseal (all types), and hard rubber. Table 7.2.2 indicates the rating 
of container-lining materials. 
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Table 7.2.2— Container Materials for Zinc Bromide Solution 


Type Excellent Limited life Not usable 
Paint Amercoat 31 Amercoat 55 
Baked finished Lithcote 
Plastic linings Teflon ae Koroseal 9234 Amerplate 

Saran 
Polythene 
Metals Silver Copper Nickel and other 
S.S. 347 common metals 
Brass 


Wherever feasible, a seven-coat application of Amercoat 31 over hot-rolled steel is 
highly recommended because of its superior resistance to zinc bromide, ease of applica- 
tion, and economy. 


OTHER DENSE LIQUIDS 


A number of dense liquids and aqueous solutions other than zinc bromide solution have 
been considered as prospective window materials. The list includes: lead acetate, zinc 
chloride, methylene bromide, acetylene tetrabromide, a mixture of stannic bromide and 
stannic chloride, barium and mercuric bromide, and cadmium borotungstate.* Though 
development work might improve the competitive position of some of these materials, 
most have been ruled out for reasons of low density, high cost, instability, or toxicity. 


SHIELDING GLASSES 


Table 7.2.3 presents the pertinent properties of some commercial glasses and of some 
in the development stage. The properties of nonbrowning lime glass are described in a 
general specification.‘ 


Table 7.2.3—Physical Properties of Transparent Shielding Materials 


Optical 


Radiation 
index of -—=«*TanSmittance® stability Fading Price 
Type Density refraction Tungstenf Sodium Color index$ index§ per pound 

Commercial lime? 2.52 1.52 94.6 94.3 Green 26x10 2-5 $0.50 
Water-white limef 2.52 1.52 99.0 99.0 Colorless 26x10? 2-5 1.25 
Nonbrowning lime? 2.68 1.53 96.8 97.0 Light yellow 16x10 1-3 2.25 
Corning 8362 3.27 1.59 97.6 98.2 Yellow 08x10 1-3 See 
X-ray lead{** 4.88 1.76 90.0 92.0 Deep yellow 20x10? 2-5 2.50 
Dense leadtt 6.20 1.98 94.1 95.2 Yellow-orange 1,5x10 10-50 4.00 
Zinc bromide solutioni= 2.52 1.56 98.5 99.0 Colorless eee eee 0.47 


*Optical transmittance in percent for 1-in.-thickness and average specimens, less surface reflection 
T Light of the quality of 1.C.I. luminant A 
tThe exposure in r required to produce a change in optical density of 0.01, for white light and a thickness of one 
HVL. Optical density is the common logarithm of the reciprocal of the transmittance. The exposure rate was 100 & 
700 r/min 
§The ratio by which the exposure in (c) must be increased in order that the change in optical density is 0.01, 2 
weeks after the termination of the exposure 
Commercial samples from the Pittsburgh Plate Glass Company 
**Transmittance and price are for laminated sections 
tfCommercial samples from the Penberthy Instrument Company. A similar glass has been prepared experi- 
mentally by the Corning Glass Works 
tiCommercial samples from Dow Chemical Company 
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Glass may be manufactured for windows in the form of polished plate or as cast sections. 
Experience has shown that 1-in.-thick plate glass can be produced with an optical quality 
suitable for windows in a maximum practicable sheet size about 5 ft square. X-ray lead 
glass is manufactured in ;-in. thickness only, but it can be laminated with plastic sheet to 
a 3-in. thickness, Castings of dense lead glass with good optical quality have been made 
with a maximum volume of 400 cu in. Large glass castings are still in the preproduction 
stage. It is believed that castings as large as 36 in. square and 4- to 6-in. thick will be 
feasible. 


Radiation Tests on Shielding Glasses 


The factors that influence the change in light transmission of glass exposed to gamma 
radiation include: (1) exposure rate and total exposure; (2) continuity of exposure; (3) time 
elapsed between exposure and transmittance measurement; (4) temperature during and 
following exposure, and (5) for some glasses, the amount of visible light incident on the 
glass during and following exposure. 

Figure 7.2.1 shows the change in optical density of commercial lime glass when exposed 
to gamma radiation. From this figure it can be seen that 4 days after exposure at a rate 
of 600 r/min, samples have about the same change in optical density as those measured 
only 1 hr after the same exposure received at the rate of 20 r/min. All samples were kept 
at room temperature and in the dark during and after exposure. 

Figure 7.2.2 shows the change in optical density for nonbrowning lime glass with gamma 
irradiation. If it is assumed that the coloration of the glass is a function of the total energy 
absorbed per unit volume, the data presented in Figs. 7.2.1 and 7.2.2 can be applied to 
gamma energies different from those emitted by Co, The gamma-energy flux per roent- 
gen is about constant for gamma energies from 0.1 to 2.0 mev. Hence, gamma exposures 
of different energies should produce the same change in optical density for glass thick- 
nesses corresponding to their respective half-value layers. 

The increase in optical density with varying window thickness is shown in Fig. 7.2.3. Of 
course, to obtain the final optical density of a window, it is necessary to add the initial 
optical density (produced by the intrinsic color of the glass) and the increase in optical 
density produced by a given irradiation. No correction was made for the change in expo- 
sure rate through the window. It was assumed that the radiation would follow a simple ex- 
ponential absorption, and an average value for a HVL was chosen to account for “‘build-up 
effects.° For a nonbrowning glass window and 1-mev gamma radiation, the density values 
for a window thickness greater than 50 in. represents an extrapolation of the experimental 
data. The curves are intended to be demonstrative and should be given only qualitative 
significance. 


DESIGN CONSIDERATIONS 


RADIATION EFFECTS 


The controlling consideration is the effect of radiation on all of a window’s components, 
including tank lining materials, gaskets, and laminating liquids, as well as the transparent 
shielding material. The performance of complete window assemblies in gamma-ray shields 
with thickness equivalents of up to 4 ft of concrete has been well tested in operation. Addi- 
tional laboratory testing is required to predict their performance under continuous expo- 
sure in thicker shields. 


THICKNESS 


Bulk shielding tests made on hot laboratory installations indicate that the gamma- 
shielding properties of ordinary concrete, magnetite concrete, zinc bromide, lime glass, 
and steel may be compared approximately on the basis of specific gravity alone. ® 
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Fig. 7.2.1—The Increase in Optical Density of Commercial Lime Glass with 
Gamma Irradiation. Submitted by Argonne National Laboratory, May 28, 1952. 
Optical density is the common logarithm of the reciprocal of the light trans- 
mittance. Values of density are for sodium light and a thickness of one HVL. 
This thickness was taken to be 3 in. for Co® radiation and the geometry of the 
test. The exposure is the average received by a volume of air occupying the 
same position as the glass sample. 
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Fig. 7.2.2 — The Increase in Optical Density of Nonbrowning Lime Glass with 
Gamma Irradiation. Submitted by Argonne National Laboratory, May 28, 1952. 
Values of density are for tungsten light, a thickness of one HVL, and an ex- 
posure rate of 4 x 10‘r/hr. The HVL thickness was taken to be 2.88 in. for Co® 
radiation and the geometry of the test. 
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Fig. 7.2.3 — Increase in Optical Density of Glass Windows of Varying Thick- 
ness with Gamma Irradiation. Submitted by Argonne National Laboratory, 
May 28, 1952. Densities for commercial lime glass based on sodium light and 


for nonbrowning lime glass on tungsten light. All densities based on 1000 hr 
continuous exposure with an intensity of 10 mr/hr at the observer. It is as- 


sumed that the radiation beam is parallel. For commercial lime glass, the 
average HVL through the window was assumed to be 2.4 in. for 1-mev gammas 


and 1.67 in. for 0.5-mev gammas., 
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Lead glasses, however, are better shields than indicated by their specific gravities; a 
glass with a lead oxide content of 80 percent and a specific gravity of 6.2 is equivalent to 
steel for 1-mev radiation. 


LIGHTING 


The same considerations are involved in lighting a shielded enclosure as those for any 
other room. Proper weight must be given such factors as brightness, diffusion, and 
elimination of objectionable shadows, as well as lighting level. 

Once a satisfactory level of illumination is determined, it is only necessary to increase 
the level to allow for the absorption of the window. The initial transmittance values should 
be reduced to correct for radiation darkening of the glass sections of the window. 


AREA 


The minimum area of a window depends on the degree of freedom desired in observer 
mobility or equipment position. For a small piece of fixed equipment, the narrow cone of 
vision through a small window will suffice. If the observer is free to move from side to 
side and up and down to ‘“‘scan’’ a larger area, the next smallest aperture, whose frontal 
dimensions are easily calculated from the index of refraction, will result. If the same 
area must be scanned from a more fixed vantage point (limited mobility of the operator), 
the aperture at the inside face of the shield will be twice as large; the window in this case 
may be pyramidal, however, with a volume about equal to that for the second case. If the 
operator must have freedom to move about coupled with wide visual coverage of the in- 
terior, as with a fully master-slave manipulator, the aperture must approach the size of 
the working area. 


CONSTRUCTION DETAILS 


The following typical window constructions have been developed over the past several 
years and represent the best current practice for their respective types. 


ZINC BROMIDE WINDOW 


Figure 7.2.4 shows a zinc bromide window, 30 x 36 x 36 in. thick, sealed in a concrete 
wall by means of a liner, G, which is cast directly into the wall. The use of a removable 
window allows it to be assembled in a room with special facilities and to be installed in the 
shield without interruption of other construction activities. The crack between the window 
tank and the liner is shielded by a step, H, made of lead which is held in place by strips of 
steel over the lead. When neutron radiation is present, cracks must be not only stepped 
but also calked tight with suitable material. The window tank is fabricated from hot-rolled 
steel plates with minimum of welding (intermittent structural welds on the outside and light 
seal welds on the inside) to decrease the possibility of warping the frame. Major machin- 
ing is required only on the ends of the tank to form the gasket seats. The type of clamping 
arrangement illustrated here requires a minimum thickness (17 in.) of tank wall at point 
M. The clamping bars B are not joined together at the corners so that each may seat indi- 
vidually. The gaskets, L, which will come in contact with zinc bromide should be fabricated 
from Koroseal (grade 116, B. F. Goodrich Company); the inside gasket should be continuous 
and cut from sheet stock. 

The inside of the tank, K, is covered with seven coats of Amercoat 31 paint. The last 
coat should be black to minimize glare. All weld splatter should be removed and the welds 
smoothed by grinding before the paint is applied. Pits and irregularities may be filled with 
Amercoat 58 putty. All corners on the tank in contact with zinc bromide should be rounded 
to prevent thinning of the paint film. 
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Fig. 7.2.4 —Construction Details of a Zinc Bromide Window. Submitted by 
Argonne National Laboratory, May 28, 1952. A, stirring port; B, clamping bars; 
C, air vent; D, transfer rail guides; E, laminated commercial glass; F, window 
tank supports; G, wall liner; H, lead step; J, laminated nonbrowning glass; K, 
window tank lining; L, gaskets; M, window tank wall; N, expansion chamber. 


It is desirable to laminate the glass cover plates. In large windows it is required for 
strength, but it is always desirable as a safeguard in case one plate is damaged, The 
glass may be tempered if still greater strength is required. A load safety factor of 10, as 
recommended by the glass manufacturers, should always be used. The cover plate, J, on 
the active side must be made from nonbrowning glass. The cover plate, E, on the opera- 
tor’s side can be made from commercial plate glass selected for the same optical quality 
as the nonbrowning glass. 

Provisions should be made to allow for the thermal expansion of the liquid. The coef- 
ficient of cubical expansion for zinc bromide is about 0.6 x 10-?/°C. For a temperature 
change of 20°C, a volume change of 1.2 percent results. If an external expansion tank is 
used, it should be located directly above the window tank and should be of minimum height 
so as not to increase excessively the hydrostatic pressure on-the glass cover plates. An 
internal expansion space, as shown at N, is a satisfactory arrangement. The air vent at C 
or the vent on an external tank should be kept free at all times. 
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Striations will be encountered in the zinc bromide solution when originally filling the 
window tank or when making adjustments to the liquid level. These striations can be re- 
moved by stirring the solution for a short time. A stirring port, as shown at A, is con- 
venient. A 1.5- to 2-in. pipe is lined with copper tubing which is silver-soldered to the 
main tank wall. The Amercoat paint is lapped well up on the copper to cover the joint. A 
steel plug is shown in the stirring port to cover the slot in the wall required to accommo- 
date the port. The tank is slipped into the wall liner with the cover glasses installed. 
Notches in the liner at D aid in holding the rails used during the transfer from a transport 
cart. The tank is supported on cast-iron pads mounted on rubber, shown at F,, which slide 
on runners machined in the liner, G. Only moderate pressures are thus required to jack 
the tank into place. 


GLASS WINDOW 


Figure 7.2.5 illustrates a glass window 30 < 36 x 36 in. thick. The glass used here is 
1-in.-thick plate glass. Surface reflections from the many plates are almost completely 


Fig. 7.2.5 —Construction Details of a Glass Window. Submitted by Argonne 
National Laboratory, May 28, 1952. A, air vent; B, spacers; C, glass plate 
supports; D, filling tube; E, fractional thickness plates; F, window tank support; 
G, radiation step; H, wall liner; J, lead step; K, gaskets; L, clamping bars; M, 
window tank wall. 
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removed by filling the space between the plates with a mineral oil with an index of refrac- 
tion about equal to that of the glass, This space between the plates is maintained by soft 
copper spacers at the four corners, as shown at B. The thickness of the spacer is 0.025 to 
0.035 in. Since the oil is of lower density than the glass, the crack between the glass and 
tank wall must be stepped as shown at G. The glass plates are supported on ;-in.-thick 
strips of Koroseal, grade 116, as shown at C. Koroseal also can be used for the gaskets at 
K. The clamping arrangement, shown at L, utilizes standard angle stock and can be accom- 
modated by a plate thickness at M of as little as 1 in. It is satisfactory for sealing glass 
cover plates up to 1 in. thick. The diameter of bolts should be chosen carefully since 
bending stresses are developed in the bolts. The inside of the hot-rolled-steel tank can be 
smoothed by hand grinding and coated with a thin coat of clear Glyptal to facilitate thor- 
ough cleaning. 

The glass plates are handled vertically in the washing and loading operation. Each plate 
is thoroughly washed, rinsed, and dried; it is then picked up by the edges with a mechani- 
cal device which supports the plate as it is inserted into the window frame. Because of the 
variation in thickness of the glass plates, the window might not be filled with an integral 
number of plates. Any remaining space should be filled with $- or 3-in. plates or a 
combination of both, as shown at E. If they are installed on the operator’s side of the win- 
dow, these fractional-thickness plates may be commercial plate glass. 

After the tank is sealed, the oil is introduced slowly through the lower filling tube at D. 
A slight space is left at the top of the tank for thermal expansion of the oil. The air vent 
at A must be kept open at all times. 


COMPOSITE WINDOW 


Combinations of transparent materials may be used to achieve a window with properties 
not possible with any single material. In some high-level applications it will be necessary 
to use nonbrowning glass instead of zinc bromide on the active side of the window to pre- 
vent bubbling of the solution. The use of dense lead glass on the operator’s side will re- 
duce the window thickness and the size of the window required to view a given area, In 
addition, these glass sections afford some protection to personnel in case of sudden loss 
af the liquid shielding. The window of Fig. 7.2.6 consists basically of zinc bromide solu- 
tion, which is used for its optical.quality and economy, supplemented by nonbrowning glass 
for radiation stability, and dense lead glass for reduced size. 


SIMPLE REFLECTING SYSTEMS 


One can see around a corner or through a labyrinth by reflection from one or more mir- 
rors. The method is simple and reliable for applications where its optical characteristics 
suffice. 

‘The angle of view is that subtended by the shield opening at the observer’s point of view. 
Though direct radiation is avoided by a single reflection outside of the shield, air scatter- 
ing at even moderate activity levels encourages that the shield opening be a minimum and 
some distance above the observer. The latter distance can be reduced by making additional 
turns in a shielded labyrinth. In either case, a static angle of view of 20° would be con- 
sidered exceptionally large and many installations have 10° or less. 

The static angle of view can easily be supplemented by a scanning mirror inside the 
shield. The scanned angle can approach 90°, but the scanning mirror becomes quite large 
beyond 60°, especially if coupled with a large static angle of view. One or both of the usual 
mirrors inside the shield can readily be made translatable to achieve a variety of view- 
points. The orientation of the view varies during scanning or translation, which may be 
confusing to the inexperienced observer at his fixed viewing station. An other-than-normal 
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WINDOW DETAIL 


Fig. 7.2.6 — A Composite Window tor High-level Applications. Submitted by 
Argonne National Laboratory, May 28, 1952. A, dense lead glass (two or more 
sections may be liquid-laminated with monochlorobenzene, currently used at 
HW, or the surfaces may be low-reflection coated); B, zinc bromide; C, non- 
browning glass and liquid laminant. 


orientation is intolerable to the user of a master-slave type of manipulator but is satis- 
factory for switch-controlled equipment. 

The image is perceived at a distance equal to the developed optical length. In practical 
designs, this length is two to five times the straight line distance; detail and depth percep- 
tion are correspondingly impaired. Detail perception can be restored by the use of bin- 
oculars if the mirrors are front-silvered and of high quality. Such mirrors of large size 
are expensive and easily damaged. A larger angle of view and a shortened optical path are 
made possible by combining a mirror system with a semi-shielding window placed to 
intercept only scattered radiation from the cell interior. 
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PERISCOPES 


DESCRIPTION 


By definition, a periscope may consist of a simple reflection system as described above. 
Much improvement in performance is achieved, however, by adding a suitable lens train. 
A simple and much used form of periscope consists of a pair of telescopes facing each 
other as shown in Fig. 7.2.7 at (A). Military instruments of this type are often called 
‘‘gights.’’ An important optical result is the formation of an image of the observer’s eye 
at the entrance pupil, from which point of vantage it can cover a much larger field than 
would be possible through the empty periscope tube. 

If the hole through which the periscope must be used is long or of small diameter, addi- 
tional lenses may be added to lengthen the instrument without increasing its diameter, as 
shown in Fig. 7.2.7 at (B). Extreme examples of this type are the gastroscope and the 
cystoscope for medical use and the borescope for industrial use. 

In any region where the rays from each object point are parallel, there is some latitude 
in lens separation, allowing an extensible instrument. The periscope may be bent at any 
point with the aid of mirrors, or, in the parallel-ray regions mentioned above, with 
prisms. Some added protection against radiation may be obtained by filling the optical path 
with liquid or glass of the highest optical quality. 


ADVANTAGES AND DISADVANTAGES 


A periscope has the following unique advantages: 

(1) For close examination of details, a large image of excellent quality can be achieved 
through even a thick shield. 

(2) A periscope can be used in conjunction with instruments requiring eye-presence, 
such as a microscope or micro-hardness apparatus. 

Its disadvantages are: 

(1) The observer is closely confined to the eyepiece, which is apt to be tiring and cer- 
tainly impedes any simultaneous work such as manipulation. This is particularly true of 
binocular or stereoscopic instruments. 

(2) The usual field of 50° or less 1s insufficient for over-all observation. Mechanical 
scanning helps but is slow and unnatural. 

(3) With a basic instrument, only one person at a time may see. 

(4) Increasing the versatility of a periscope to overcome the shortcomings of the basic 
instrument also increases its complexity and cost. 


DESIGN CONSIDERATIONS 


The design of a high-performance periscope is not simple, and for a large, complex, or 
expensive instrument it is strongly urged that the services of a skilled optical designer be 
obtained. 


OPTICAL COMPONENTS 


Several standard periscope or “‘sight’’ designs employ lenses which may be adapted to 
most needs. ‘‘Surplus’’ lenses may sometimes be used but must be selected for compati- 
bility if the image is to have good quality. Quite often, certain lenses must be specially 
designed, and it is then usually wiser to have the entire periscope designed as a unit. 

Periscope components made of standard optical glasses are not resistant to darkening 
by gamma and other high-energy radiations. This shortcoming can be mitigated by placing 
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Fig. 7.2.7— (A) A Simple Periscopic Sight. (B) Same with Extender Lenses 


Submitted by Argonne National Laboratory, May 28, 1952 
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shielding around the optical glass parts which are closest to the source of radiation. Two 
alternatives are available: (1) Cerium-stabilized radiation-resistant optical glasses are 
known, but lenses made of them are not commercially available at this writing; (2) achro- 
matic lenses that withstand intense radiation with minor effects can be made from styrene 
and acrylic resins. The best of the resin lenses are polymerized in a mold, and if the 
quantity involved is sufficient, they may be molded at a cost comparable to that of glass 
lenses. 


DIMENSIONS 


The relationship of the length of a periscope to its diameter has an important bearing on 
its performance. ‘‘Real’’ field of view (defined below), magnification, eye relief, and image 
quality usually require a length: diameter ratio of 30:1 or less. The diverging bundles of 
parallel rays between the erectors of Fig. 7.2.7 require either that the separation of the 
erectors be small or that the size of the second one be large. 


EXTENSIBILITY 


An extensible periscope can be made by providing for variable extension in any region 
where the image-forming rays are parallel. For a simple instrument having an aspect 
ratio of 25:1, the practical limit of the maximum length: minimum length is about 3: 2. 
Consideration of Fig. 7.2.7 will show that if the separation is made too great some rays 
will fail to pass through the second erector, and the field will be curtailed. Eye relief will 
also decrease unless special deSigns are used. 


ANGULAR FIELD OF VIEW 


The ‘‘apparent’’ angle of view of a periscope is that subtended by the field which the 
observer sees from the exit pupil. An upper limit to this angle is set by the problems of 
eyepiece design. Conventional eyepieces allow an apparent angle of up to 40° or 50° before 
aberrations become intolerable. The ‘‘real’’ angle of view is that subtended at the entrance 
pupil by the field which the periscope covers without scanning. This real angle equals, by 
definition, the apparent angle of view divided by the angular magnification of the instru- 
ment. It has a normal upper limit of 40° to 50° for the same reasons that influence eye- 
piece design. It can, however, be made as large as 90° by accepting fractional magnifica- 
tion, some curvature of field, and other distortion. Limitations encountered elsewhere in 
the periscope design may further limit the angles of view. 


MAGNIFICATION 


Instrument magnification is the ratio of the apparent angle to the real angle of view. 
Usual values for this ratio are between unity and 2. It can be made much larger but at the 
expense of light intensity, image quality, or simplicity of design; in addition, the field of 
view may become so narrow that the observer may lose orientation and his concept of 
spatial relationship. If high magnification is required only intermittently, a turret of ob- 
jective or eyepiece lenses or, at greater expense, a ‘‘zoom’’ arrangement can be pro- 
vided. The apparent magnification increases considerably as the object is brought quite 
close to the objective lens. Although a system designed for viewing distant objects will not 
work as well for very close objects, a surprisingly large latitude in object-objective dis- 
tance is possible with a low-power periscope, and where occasion demands, quite high 
magnifications ‘may be obtained in this way. 


EYE RELIEF 


In general, the greater the eye relief, i.e., the distance between the eye lens of an eye- 
piece and the exit pupil, the larger the exit pupil will be, although its actual size depends 
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upon the elements of the periscope. In celestial telescopes and other instruments where 
high resolution is important, best results are achieved by design which results in a small 
exit pupil and small eye relief. For persons engaged in manipulation and manual control, 
it is desirable to have both large enough to allow considerable freedom of motion of the 
head and body. This is usually, though not necessarily, achieved by low magnification. 


SCANNING 


The usefulness of a periscope is greatly increased if the line of sight emerging from the 
objective lens can be deflected through a variable angle. Such provision enables the ob- 
server to scan the interior of a cell and view a larger area than the static angle of view 
permits. The simplest means for achieving this is a small prism or mirror arranged to 
pivot in front of the objective lens. By rotating the prism or mirror around two axes, an 
entire hemisphere is easily covered. With either of these simple provisions, however, the 
orientation of the view is altered. Reflection causes an inversion of field, and rotation 
causes the field to revolve in the eyepiece, either of which can be compensated by addi- 
tional optical elements. 


DEPTH PERCEPTION (BINOCULAR DESIGNS) 


Although some depth perception is possible with a monocular instrument because of eye 
accommodation and perspective effects, true stereopsis and eye convergence depend upon 
the use of a dual instrument, which might be termed a ‘‘binocular periscope.’’ The optical 
and mechanical problems attending a versatile binocular periscope are formidable, and the 
need for stereovision should be clearly established before a design is attempted. 


BORESCOPES 


Often it is necessary to inspect the inside surface of a slender tube or similar configura- 
tion or to pass the whole length of a long periscope through a small opening. The name 
‘‘borescope’’ is given to this type of periscope. For use in an unlighted tube, the head may 
be provided with a small lamp near the objective lens. Scanning is usually done by rotating 
the whole instrument which is provided with a fixed mirror and by moving it back and 
forth along the tube. Variable power and similar features common to other periscopes are 
usually omitted. 

An inherent optical defect of the borescope is curvature of the field, the center seeming 
to be much nearer than the edge. This is an additive effect requiring special compensation 
in a train of erectors. Although it is often tolerable to the eye, it is troublesome when a 
camera is to be used to record the image. | 

In periscopes of this slender construction with a multiplicity of lenses in train, resolu- 
tion is not as good as in an instrument of the same length but which is not so restricted in 
diameter. 


REPRESENTATIVE INSTALLATIONS 


The following descriptions and illustrations indicate the size, complexity, and cost of a 
wide range of instruments. In general, mechanical construction costs account for 80 to 90 
percent of the prices given, which are based on current production in small lots by one of 
the lower bidders; commercial bids may range up to 10 times the given figure. 


SHORT SCANNING PERISCOPE, FIG. 7.2.8 


This simple instrument was inserted at an angle of 45° through a 24-in. concrete wall to 
enter the enclosure near an inside corner. The enclosure was scanned by rotating the 
entire tube and pivoting the scanning mirror. Mirror reversal and rotation of the field 
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Fig. 7.2.8 —Short Scanning Periscope. Submitted by Argonne National Labo- 
ratory, May 28, 1952. 


during scanning were not objectionable since the contents of the cell were well known. The 
real field is about 25° and the power unity, except for very near objects. $800 to $1200. 


CORNER PERISCOPE, FIG. 7.2.9 


This instrument is optically similar to that shown in Fig. 7.2.8 but utilizes four bends to 
baffle out the radiation. Two mirrors are used at the objective to yield uninverted images. 
Scanning is accomplished by pivoting the first mirror and by motorized rotation of the 


head. The real field is about 25° and the power unity, except for close objects. $2000 to 
$ 2500. 
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Fig. 7.2.9—Corner Periscope. Submitted by Argonne National Laboratory, May 28, 1952. 
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SADDLE PERISCOPE, FIG. 7.2.10 


This instrument is similar in optical design to those shown in Figs. 7.2.8 and 7.2.9, 
except that it also contains unit power extenders to keep the tube diameter small. It is 
designed to rest on or ride along the top of a lead wall. Scanning is done by manually 
turning the head and mirror. The scanning end, comprising the objective and first erector, 
may be raised or lowered. The eye end is also extensible to accommodate persons of dif- 
ferent heights. Real field is about 25° and power, unity. $2000 to $2500. 


SPOT MAGNIFIER, FIG. 7.2.11 


This low-cost magnifier will serve where a 2x to 5X magnification of only a small area 
is required. It should be made of noncoloring glasses. A pair of achromats a few inches 
from the sample provides the prime magnification. The image thus formed at infinity is 
focused at normal reading distance by a large simple lens. The image is inverted, but if 
necessary a 4-mirror erector system may be added. $100 to $200. 


OVER-ALL VIEWER, FIG. 7.2.12 


The short-focus objective of this periscope forms a reduced image in or near the rear 
surface of the third element. Using a Bausch and Lomb No. 28 aspheric condenser fol- 
lowed by a Cinephor No. 20 aspheric condenser, selected for quality and properly spaced, 
the image is rectilinear. As shown in the figure, a bi-convex spherical element may be 
added to increase the field angle. A transfer system of two achromats forms a final erect 
image near the large (8- to 10-in.-diameter) field lens. No eye lens is used. Since the 
rays from any object point proceed beyond the field lens in an expanding cone, binocular 
observation with the unaided eyes is possible if the head is placed at an appropriate dis- 
tance, Field curvature must be corrected for photographic use. Chromatic and spherical 
aberration, which are both considerable, are limited in effect since the aperture-stop of 
the system is the pupil of the eye. The instrument is not a substitute for a conventional 
periscope but can fulfill the occasional need for a very wide (90°) real angle of view. $750 
to $2000. 


HIGH-POWER MICROSCOPE-PERISCOPE COMBINATION, FIG. 7.2.13 


Where high magnification is required, the microscope should be inside the irradiated 
area; the image so formed can then be transferred through the shield by a conventional 
periscope. To put the periscope first and the microscope outside the shield would require 
that the former be capable of good resolution with powers equivalent to those of the latter. 
One obvious disadvantage is that standard microscope objective lenses color rapidly under 
the intense radiation. Another is the complexity of focusing and other manipulations. An 
advantage is that the conventional periscope through the shield may serve other purposes 
when not used with the microscope. 


LOW-POWER PERISCOPE COMBINATION, FIG. 7.2.14 


This binocular arrangement consists of two identical trains of lenses, with mirrors so 
arranged that the divergent beams from the image duplicate those from the object. Both 
object and image are at the principal foci of the lenses closest to them. The chief limitation 
of this instrument is the relative apertures of these lenses. If their diameters are too 
small in relation to their focal lengths, the field of view in the microscope will be dimin- 
ished, especially for higher powers. A stereoscopic camera arrangement may be substi- 
tuted for the binocular microscope, but field curvature is encountered. Powers up to 30x 
are feasible. $1000 to $2500. 
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Fig. 7.2.11—Spot Magnifier. Submitted by Argonne National Laboratory, May 28, 1952. 
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Fig. 7.2.13 — High-power Microscope-periscope Combination. Submitted by 
Argonne National Laboratory, May 28, 1952. 
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BORESCOPE, FIG, 7.2.15 


This instrument was built to provide inspection of process tubes in a reactor. The de- 
sign illustrated was 13 in. in diameter and capable of extension to 50 ft or more by the 
addition of successive 8-ft or 4-ft sections. A 4-ft section contained two identical erector 
lenses with parallel rays between them and their principal foci near the ends of the tube, 
optically arranged as in Fig. 7.2.7 at (A). An 8-ft section contained four such lenses, 
optically arranged as in Fig. 7.2.7 at (B). All sections of equal length were completely 
interchangeable. Price with terminal sections and 48 ft of extenders, $4500 to $15,000. 


ELEVATOR PERISCOPE, FIGS. 7.2.16, 17, 18 


The objective and first erector are set horizontally with scanner and other optical parts. 
Scanning is horizontal only. This assembly moves vertically from top to bottom of the hot 
cell. The light-beam from it is reflected down to a tilting mirror from the upper portion 
of the cell and up from the lower portion. As in Fig. 7.2.8, the receiving portion of the 
periscope is horizontal and inclined at an angle to provide maximum baffling of high- 
energy radiations from the interior of the hot cell. 

Figure 7.2.17 shows the moving portion of the periscope, exposed by rolling the steel 
door aside, and a viewing tube through another door to a second system. Fig. 7.2.18 shows 
the exterior with both doors closed and the entire unit in operation. $5000 to $7500. 


TELEVISION 


Television may be useful when: 

(1) The operation is so hazardous or inaccessible as to require viewing from a distance 
or more than about 100 ft. 

(2) Simultaneous observation of widely separated points, by one operator or at one con- 
trol station, is required. 

(3) The view must be brought out around numerous bends or obstructions. 

(4) Viewing equipment must be provided in a minimum of time, as in case of catastrophe. 

As of this writing, the view possible with the best of commercially available television 
equipment is inferior to that of even a moderately good periscope if an all-optical method 
is possible. Table 7.2.4 lists some characteristics of the major wired TV systems. 

If the best of these pictures is viewed from a distance such that it subtends the usual 
camera field of 40°, the resolution is about 5’ compared with the 1’ of which the human eye 
is capable. The image is further degraded by limited contrast ratio and linearity. 

Since the image has no depth, television cannot provide eye-accommodation effects to 
aid depth perception. Several varieties of stereotelevision have been demonstrated, how- 
ever. In each, the eyes are provided with displaced viewpoints, an important factor in 
depth perception. 

Available commercial wired-television chains have been considerably improved in sim- 
plicity and reliability over earlier models. In mockups and installations, however, they 
require frequent service and adjustment, and skilled technicians are a practical necessity. 
At least one complete stand-by unit should be provided if reasonably uninterrupted service 
is expected. 
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Fig. 7.2.15 — Borescope. Submitted by Argonne National Laboratory, May 28, 1952. 
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Fig. 7.2.16—Elevator Periscope Schematic. Submitted by Argonne National 
Laboratory, May 28, 1952. 
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17 — Moving Unit with Door Open. Submitted by Argonne National Labo- 
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Fig. 7.2.18 —Elevator Periscope with Cell in Operation. Submitted by Argonne 
National Laboratory, May 28, 1952. 
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Table 7.2.4—Commercial* Wired TV Chains 


Resolution, Pickup tube Light level 
Designation Type effective lines type requiredf 
DuMont Color 450—500 Image Orthicon Medium 
Remington-Rand B&Ew 300 Vericon High 
**Vericon’”’ | 
RCA ‘“‘Vidicon”’ Baw 300 Vidicon High 
Remington Rand Color 350 Image Orthicon Medium 
Diamond Power Baw 250 —300 Image Dissector Very high 


Specialties Corp. 


*There are many other suppliers, not listed here, who should be investigated at the time of 
actual purchase, Their products are generally not as standardized as those shown 
fTAn image orthicon, without filters, would require ‘‘low’’ lighting level 
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CHAPTER 7.3 


Hot Laboratories 


D. F. Uecker 


Shielding, handling, and viewing means are necessary in most experiments involving 
radioactivity. For a single-purpose facility accommodating a production or routine ana- 
lytical process, the treatment of these topics elsewhere* in this handbook may suffice. In 
the case of an experimental facility or hot laboratory, the design problems are more com- 
plex. The nature of future experiments and the equipment to be employed may vary widely 
and may be quite unpredictable at the time the facility is constructed. If the activity to be 
handled is on the order of many curies of fission-product activity, a hot laboratory will 
represent a major investment. 

The need for versatility has been generally recognized, but different approaches to it 
have been made. A choice may be made between the following extremes: (1) initially pro- 
viding a permanent shield with general-purpose manipulators and viewing means adequate 
for any experiment or (2) initially providing only a shield having many access ports or 
easily altered sections for viewing and remote-handling equipment devised specifically 
for each experiment. 

The high-level gamma laboratories described belowf represent various compromises of 
these viewpoints. The descriptions are arranged in approximately descending order of the 
emphasis placed on achieving versatility with original equipment, and the number of ex- 
amples has been held to the minimum necessary to illustrate this range of choice. The 
approach for any such installation should be essentially an economic one, in which the cost 
of the original facilities, experimental equipment, operating time, and decontamination time 
are duly weighted. 


ANL PHYSICS AND METALLURGY FACILITIES 


DESCRIPTION 


Two caves of the type illustrated in Figs. 7.3.1, 7.3.2, and 7.3.3 have been in operation 
for two years. The floor area is 6 x 10 ft surrounded on three sides by a three-foot thick- 
ness of magnetite concrete. The fourth side consists of two steel doors, 14 in. thick, which 


*See: ‘‘Radiation Shielding,’’ Vol. 1, Sect. 2; ‘‘“Remote Handling,’’ Vol. 2, Chap. 7.1; ‘‘Remote 
Viewing ,’’ Vol. 2, Chap. 7.2. 

¢ Only facilities for solid-state work are included. The chemistry of radioactive materials, fortu- 
nately, can often be carried out by fluid flow in closed sytems, with little need for remote handling. 
The contamination hazard attending the handling of liquids and powdered materials in beakers and the 
like encourages the former approach wherever possible. 
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Fig. 7.3.1— Operating Side of ANL Cave. Photo submitted by Argonne. 


roll apart on overhead trolleys to uncover an opening 6 ft wide by 7 ft high. There is no 
stepped threshold so that experimental apparatus mounted on castered dollies can easily 
be rolled into and out of the cave. Two 30- x 36-in. zinc bromide windows are installed in 
the front wall with a single, smaller window in each end wall. Sodium-vapor lights are 
distributed around all of the edges of the front-wall windows to furnish diffuse, shadowless 
lighting of any apparatus viewed through these windows. Two Mod. 6* master-slave ma- 
nipulators are mounted on a single carriage which can be moved across the width of the 
cave in a horizontal slot in the front wall. A 1000 lb-capacity crane is situated between 
the manipulators to perform heavy lifting. Movable blocks of steel close up that part of the 
slot not occupied by the carriage. The working volume of the manipulators is the 36-in. by 
48-in. by 10-ft space just inside the front wall windows. A row of general-purpose access 
holes is provided under each window, and other holes specifically designed for periscope 
observation, photography, and specimen introduction are situated at planned positions. No 
portion of the shield is capable of easy alteration for additional access. 


* For a description of this manipulator see Fig. 7.1.16 of this section. 
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Fig. 7.3.2— ANL Cave; Rear Side with Access Doors Open. Photo submitted by 
Argonne. 


OPERATION 


Equipment for such standard metallurgical procedures as determination of specific grav- 
ity, hardness, electrical resistivity, and surface roughness has been developed and suc- 
cessfully used. Less usual operations, such as the removal of tightly driven and corroded 
screwed fastenings and the machining of non-fissionable materials, have also been accom- 
plished. In these operations, the manipulators have been used not only to transport and 
position the specimen but also to operate the equipment wherever their capabilities in 
strength, stiffness, or dexterity were not exceeded. Specifically: a standard Rockwell hard- 
ness tester is completely operated by the manipulators with no alteration other than an ex- 
tension of the cocking lever; the table screws of a small milling machine are turned by the 
manipulators with crank handles substituted for the handwheels; the coarse focus of a mi- 
croscope is adjusted with the manipulators, but the fine focus is electrically motorized; an 
impact wrench is spring-supported from the 1000-lb crane but directed and operated with 
the manipulators; the knee and table motions of a large milling machine are brought out by 
chain drives and shafts through access holes for manual operation; the manipulators are 
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Fig. 7.3.3 — Interior of ANL Cave. Photo submitted by Argonne. 


used to insert the crane hook and steady the load during heavy lifting. 

Unaided vision through the front windows, sometimes supplemented by low-powered bin- 
oculars and views through the end windows, has been adequate for the above operations. 
Dial gauges, micrometer graduations, and the illuminated scale of an analytical balance are 
regularly read through the windows with binoculars. Magnified surface examinations and 
photographs have been made by periscope, but no periscopes have been built or used to 
supplement. the windows for general viewing. 


DECONTAMINATION 


Experimental set-ups are frequently replaced since the cave space is too small to permit 
leaving idle equipment in place. The dollies on which experimental equipment is mounted 
are equipped with table-like tops which extend a foot or so beyond the apparatus. Polythene 
sheeting is used to cover the table top and mask off as much of the apparatus as can be done 
without interfering with manipulation. For the usual measurements of physical properties, 
the apparatus is not enclosed in a hood as this would seriously hinder manipulator operation. 

After experiments involving clean, corrosion-free specimens, the apparatus is manually 
wiped to remove loose particles, usually leaving a fixed contamination of less than 10—15 
mr/hr. With corroded specimens or containers, particles of which flake off, or after ma- 
chining non-fissionable materials, the apparatus and table top are first brushed and wiped 
down using the manipulators. An operator wearing an assault mask completes the cieanup 
of loose particles. The apparatus is not removed from the cave until a fixed-contamination 
level of 10—50 mr/hr is achieved. The average time required for such a procedure is 
four hours. | 
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WAPD PHYSICS AND METALLURGY FACILITIES 
DESCRIPTION 


The cave shown in Figs. 7.3.4, 7.3.5, and 7.3.6 has been in operation for two years. A 
floor area of 6 x 60 ft is shielded by magnetite concrete walls three feet thick. This area 
is divided by 8-in.-thick steel barriers into five cells of equal size. The top of the cave 
is covered with one-foot-thick concrete slabs laid crosswise; these slabs can be removed 
by an overhead crane to install or remove large or heavy equipment. Vertically sliding, 
10-in.-thick steel doors in the back wall provide access into each cell for personnel and 
light equipment. The threshold of these doors is about 3 ft above outside floor level. Two 
35- <x 31-in. windows in the front wall permit vision into each cell. Six of the windows are 
glass-filled; the remaining four are water-filled since certain experiments do not require 
the full shielding ability of the cave walls. Sodium-vapor lights are distributed along the 
top and sides of each window, and fluorescent lighting is provided for standby use. Three 
types of handling equipment operate on rails running the entire length of the cave: a one- 
ton crane for heavy lifting; two General Mills manipulators* for intermediate hoisting and 
manipulation, and two Argonne-built light-duty manipulators* for operation in restricted 
spaces. The barriers between cells terminate just below rail level and consist partly of a 
door which opens to allow the manipulators to pass from cell to cell. The spaces between 
the top of the barriers and the ceiling of the cave are closed by vertically sliding gates of 
1-in. boiler plate. Vertical rows of 3-in.-diameter access holes are provided between win- 
dows for electrical and fluid conduits; 6-in.-diameter holes are provided over each window 
for general-purpose periscopes and transfer-type optical systems. 


OPERATION 


Sufficient cells and work stations are available so that some equipment has been perma- 
nently installed. Equipment for many of the metallurgical and metallographic tests and 
procedures has been modified and successfully used in the cells; a listing to date would in- 
clude a small milling machine, power hack-saw, punch press, analytical balances, hardness 
testers, impact tester, profilometer, specimen mounting press, polishing equipment, and 
macro- and microphotographic equipment. The manipulators are used mainly to transport 
and position specimens in the various pieces of apparatus, most of which are power driven 
so that they can be operated independently of the manipulators. Control boxes for the ma- 
nipulators and some of the apparatus are visible in the photographs. 


DECONTAMINATION 


The operating side of the cave is separated from the access side by a wall in which the 
only door leads through a clothing-change and wash room; this arrangement tends to con- 
fine contamination to the access side. Loose contamination is usually cleaned up by opera- 
tors who enter the cells at the completion of an experiment. Ventilation and filtration 
equipment of sufficient capacity has been installed to exhaust 500 cfm continuously from 
each cell and maintain an air velocity of 180 fpm through any open cell door. 


HW METALLURGY CELLS 
DESCRIPTION 


Four cells, as illustrated in Fig. 7.3.7 (A), are scheduled for early construction. Opera- 
ting experience with these is lacking, excepting that similar cells built of lead brick have 


* For a description of these manipulators, see Figs. 7.1.8 and 7.1.11 of this section. 
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Fig. 7.3.5—— WAPD Cave; Typical Equipment Installation. Photo submitted by 
WAPD. 


been used for several years. The cells have an interior volume of 52 x 52 X 72 in. with 
steel walls either 10’, or 15 in. thick. The end walls are contained in guides and may be 
raised by means of an overhead crane to insert or remove equipment. One hundred and 
forty holes of 1), in. diameter are provided in the sides and top of each cell; these holes 
can be stopped against radiation with any of the plugs shown at (B). 


OPERATION 


Apparatus will be mounted on pallets which will be lifted into position by a fork truck. 
Each experiment will be planned so that much of the specimen handling and all control or 
operation of the equipment can be accomplished by electrical motorization or by mechani- 
cal connection through access plugs. Careful location of the pallet will ensure that the ap- 
paratus will line up with the planned access holes. The Hanford slave manipulator* is 
designed so that it can be inserted through an access hole at any time and by working only 


* For a description of this manipulator see Fig. 7.1.18 of this section. 
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Fig. 7.3.6— Interior of WAPD Cell. Photo submitted by W 
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from the outside. It will be used to receive the specimen at the “sample entry” plug and 
transfer it to the special handling devices. It will also be used, probably, to cope with any 
handling emergency that might arise from a shortcoming or malfunction of the special- 
purpose equipment. 


DECONTAMINATION 


The base of each cell contains the blowers and filters necessary to decontaminate the 
air leaking through cracks and through the “air flow” plugs that will be deliberately pro- 
vided to control air flow in the cell. Contamination-collecting funnels or other anti- 
contamination means to be developed for each apparatus will accumulate heavier chips 
and particles for removal in cardboard cartons. At the completion of an experiment, radia- 
tion probes will be introduced through access holes to survey the apparatus, which will not 
be removed from the cell until the level is 50 mr/hr or less at 2 ft. Special decontamina- 
tion cells will be provided in the building for more complete treatment. 


KAPL RADIOACTIVE MATERIALS LABORATORY 


DESCRIPTION 


Two caves, illustrated in Figs. 7.3.8, 7.3.9, and 7.3.10 have recently been placed in serv- 
ice. The two caves are built back-to-back to utilize a common wall. The floor area of each 
is 6.5 x 25.5 ft. A 12-in.-thick steel door can be closed to separate the 6.5 x 19-ft working 
area from the remainder of the cave, constituting a radiation lock. The outer ends of the 
locks are closed by 15-in.-thick steel doors. The walls are of magnetite concrete, 3 ft 
thick. 

The operating wall of each cave is divided into 3 modules 5 ft wide. Each module has 
three removable rectangular plugs set into the wall, each having many access holes of a 
standard size on a standard spacing. The plugs are steel boxes filled with loose iron ore 
so that special openings can be provided without great difficulty as the occasion demands. 
Additional access holes pass through the permanent concrete. 

The first viewing system provided is a mirrored labyrinth passing through a slot at the 
top of each module. The slot is partially shielded by a 6-in.-thick glass window. The mid- 
dle removable plug in each module is being replaced with a zinc bromide and lead-glass 
window. 

A carriage having vertical and horizontal degrees of freedom runs along rails on the 
rear wall of each cell. To the carriage can be mounted one of the various attachments 
including a mirror to supplement viewing a wrist joint for general-purpose manipulation, 
a standard specimen-can handler, and a television camera. 

Raiis are provided on the inside of the operating wall so that experimental equipment 
can be rolled into working position in the cell. 


OPERATION 


Many of the features of this installation were designed to accommodate experiments with 
a high contamination potential. It was planned that such experiments would be set up in 
dust-tight isolation boxes, access to which would be through a double-doored contamination 
lock. The radioactive specimen would be placed in the lock by means of the rear-wall ma- 
nipulator, and the outer door would be closed. All subsequent manipulation of the specimen 
and operation of the equipment would be carried out with a small manipulator* contained 
wholly within the box and with special-purpose devices prepared as a part of each particu- 
lar apparatus. 


* Details were not available, since the manipulator had not been completely developed at this writ- 
ing. 
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Fig. 7.3.8—KAPL Cell; Outside of Operating Wall. Photo submitted by KAPL. 


Experience has indicated that the contamination potential attending many experiments is 
sufficiently low so that operation need not be limited to the above technique. In such cases, 
one or more walls of the isolation box may be omitted, allowing participation by a manipu- 
lator mounted outside of the box. The back-wall manipulator, with its general-purpose 
wrist-joint attachment, is being so used, and a master-slave manipulator capable of easy 
insertion through the front wall is to be added in the near future. 


DECONTAMINATION 


Each isolation box is equipped with a small blower and filters with which the interior is 
held at a slight negative pressure. At the conclusion of an experiment involving little con- 
tamination hazard, it should be possible to remove the box directly to “cold” storage. If 
the apparatus is slightly contaminated, it will be moved to a decontamination cell where the 
back of the isolation box may be removed and replaced with a glove panel. At higher levels, 
the back may be removed in the cave and a preliminary cleanup made with the manipulator. 
In the worst case, the box can be removed from the cave in a shielded dolly for hot stor- 
age or burial. 
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Fig. 7.3.9— Interior of KAPL Cell. Photo submitted by KAPL. 


HW MULTICURIE CELLS 


This group of cells was recently placed in service and is especially noteworthy because 
of its unusual wall construction.* 

As seen in Figs. 7.3.11 and 7.3.12, the operating walls consist of 9-in.-thick steel blocks 
bolted to a row of vertical stepped-steel columns. The blocks are also stepped in the verti- 
cal direction, the larger ones increasing in height. The smaller blocks are used to chink 
the gap and do not extend to the inner face. A variety of the larger blocks is available to 
provide windows of dense lead-glass, thimbles for fluid and electrical conduit, and access 


* A more complete description will be found in the report on the second Information Meeting on Hot 
Laboratories and Equipment, held at ORNL on October 7, 8, and 9, 1952, to be published. 
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Fig. 7.3.10—Cross Section of KAPL Cave. Drawing prepared at Argonne from 
sketches and photos from KAPL. 


holes through which larger apparatus, including the Hanford slave* manipulator, may be 
passed. 

The utilities blocks have their central portion of cast lead which can be easily melted 
out and re-poured to accommodate a new thimble pattern. Handling equipment is avail- 


able with which these blocks may be readily rearranged. Such construction, which is re- 


portedly competitive costwise with cast dense concrete, approaches the ultimate in its 
capability of being remodelled to accommodate a particular experiment. 


* For a full description of this manipulator, see Fig. 7.1.18 of this section. 
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Fig. 7.3.11—HW Multicurie Cells with Roofs Removed. Drawing submitted by 


Hanford, legend added by Argonne. 
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CHAPTER 7.4 


Nuclear Reactor Instrumentation 


and Control 


J. M. Harrer 


The term “control,” as it is applied to a nuclear reactor, refers to devices for changing 
reactivity and regulating reactor neutron density or power. Control feasibility is first 
considered when a reactor is planned. Simpler control methods are being stressed. The 
reactor control picture is changing rapidly, and a basic set of rules or practices valid for 
future reactor designs cannot be formulated at this time. It is assumed that the user of 
the following data is familiar with mechanical and electrical design practice, including the 
basic principles of automatic control and protective interlock system design; therefore, 
only values, quantities, or numbers useful for the design of components are given. Refer- 
ences to complete designs and some qualifying statements are given to illustrate points in 
selecting or designing components, but appraisal of a particular design is not intended. 
Discussion of what is loosely referred to as “philosophy of reactor control” is avoided be- 
cause this chapter deals with generalized design. 


“Reactor instrumentation” is the term generally applied to neutron-sensitive instru- 
ments. This field of design is well advanced in many respects since, necessarily, it pre- 
ceded the reactors themselves. In reactor work, information is channeled from each 
sensing instrument through counters, amplifiers, and the like to the operator’s panel; 
these assemblies are referred to as “instrument channels.” Many ways of assembling 
channels are in use —the selection of any particular method depends upon the reactor de- 
sign. To present an over-all picture in the following, many typical sensing elements are 
catalogued along with some of their operating characteristics. No attempt was made to 
evaluate these instrument designs, all of which have been used on reactors or were tested 
for use on proposed reactors. The objective is to show a wide variety of possible assem- 
blies which are in themselves practical units. The balance of an instrument channel is 
made up of electrical circuits of which only a few have not already received detailed treat- 
ment in published works. Very few circuits have been included, and the listed references 
should be consulted for information about channel components other than the sensitive 
element itself. 


Automatic neutron-density regulation has received much attention from designers of 
control systems. The chief difficulty in evaluating these designs is the lack of performance 
data obtained when the systems were used to control full-scale reactors. Some data are 
included here to permit evaluating the performance of proposed control systems; some 
important factors to be considered when designing a system are brought out; and successful 
design values are given. All details are omitted, however, except those considered neces- 
sary additions to the general knowledge. 
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The possibilities of reactor self-regulation through the inherent reactivity stabilizing 
effect of temperature is being studied with much interest at present with a view toward 
planning safe and mechanically simple reactors. Very few factual data are as yet available, 
however. 

A discussion of reactor time-dependent behavior is included to make available certain 
data taken from electrical analogue studies and frequently used to predict control-system 
performance. 


CONTROL SYSTEM 


A generalized nuclear-reactor control system is shown on Fig. 7.4.1. 

The controlled variable is average neutron density. This quantity, designated as n 
(neutrons per cubic centimeter), is a direct measure of reactor power production. The 
product of n and the neutron velocity (v) in centimeters per second is called the average 
neutron flux and designated as nv. This is the quantity measured by a neutron-sensitive 
instrument near the reactor core, in the reflector, or in the shield. The absolute value of 
flux at the instrument determines the electrical current from the instrument and is a 
measure of average neutron density when the element is calibrated against the average re- 
actor power (shown by coolant temperature rise and flow rate). The power calibration of a 
neutron-sensitive instrument sometimes changes as a result of variation in neutron dis- 
tribution in the reactor.! Instruments used with power reactors in which xenon is a large 
effective poison may require frequent calibration because of changes in flux distribution, 
especially when the reactor power output is changed. Fast changes in power are measured 
with flux-sensitive instruments in fractions of a second. In contrast, the coolant power 
measurement is accomplished relatively slowly; measuring time is in the order of minutes. 

The control variable is k or 6k; k and its effect on neutron density are discussed under 
“Reactor Time Dependent Behavior.” The operator determines the position for the control 
element by observing the changes in average neutron density indicated by the neutron- 
sensitive instruments. When starting a reactor or maintaining a power level, he observes 
both the rate of change and the magnitude of neutron density. Automatic protective elec- 
trical circuits supervise his operation and limit the rate of change of flux and its magni- 
tude to present safe values. These circuits shut the reactor down either slowly or rapidly 
as determined by the observed maloperation; this operation is discussed more fully under 
“Automatic Protective System.” Accurate position measurement of the control means for 
k is most helpful in this operation; the accuracy of measurement is discussed under 
“Position Measurement.” Mechanical and electrical interlocks are used to prevent damage 
to the control-means drive motors and to prevent improper operating sequences. Tedious 
prolonged operation at a fixed power or in a fixed-power range is sometimes assigned to 
an automatic flux, power, or temperature controller; this operation is covered under 
“Automatic Power Regulation.” 


REACTOR TIME DEPENDENT BEHAVIOR 


REACTOR EQUATIONS 


The important parameters affecting the variation of reactor neutron density as a func- 
tion of time are k, 5k, Bj, Aj, cj and 1* (see Table 7.4.1). 1* =1/vzZ, for a large (infinite) 
reactor. The value of 1* varies from 2.3 x 10™° sec for a large thermal heavy-water-mod- 
erated reactor, to as low as 10“ for a natural-water-moderated thermal reactor. For 


‘References appear at end of chapter. 
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Symbol 


REP RS 


6k 


1* 


B 
By 
A 
Aj 
c 
Cj 
I 
Al 
E 
AE 


Table 7.4.1 — Instrumentation Control Nomenclature 


Definition 


Neutron density 

Variation in neutron density from a specified density 

Minimum reactor neutron density in the regulated range 

Demand neutron density for regulation 

Neutron flux 

Thermal-energy neutrons produced per thermal neutron 
absorbed in a particular finite reactor 

Thermal-energy neutrons produced per thermal neutron 

_ absorbed in a particular finite reactor, minus one 
(k-1) 

Mean effective neutron lifetime or the mean time which 
elapses from when neutrons are produced until they 
return to fission again or are lost to the reaction 

Total fraction of delayed neutrons 

Fraction of delayed neutrons of group i 

Decay constant for delayed-neutron emitter 

Decay constant for delayed-neutron emitter of group i 

Concentration of delayed-neutron emitter 

Concentration of delayed-neutron emitter of group i 

Electrical current 

Change in electrical current 

Electrical potential 

Change in electrical potential 


Units 


Neutrons/cu cm 
Neutrons/cu cm 
Neutrons/cu cm 
Neutrons/cu cm 
Neutrons/(sq cm)(sec) 


Neutrons /neutron 


Neutrons/neutron 


Seconds 
Neutrons/neutron 
Neutrons/neutron 
Seconds! 
Seconds™! 
Neutrons/cu cm? 
Neutrons/cu cm® 
Amperes 
Amperes 

Volts 

Volts 


high-energy-neutron reactors, 1* is 10* sec or less. These parameters are related to 
neutron density (n) by the following simplified equations: 


dn dOk— 


B § 
dt 1» 2 + es 
i=] 


The most useful solutions for these equations are obtained from an analogue computer,’ 
but a useful, very close approximation’ is obtained if: 


5 
c= 2 cj; ok « B 
i= 


1 


and an average value of A = 0.1 sec “ are used: 
n(tt) _b-—c a, C-4 pf 
n(0) b-a°  b-a° (1) 
where t = time in seconds: 
6k 
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5k — 7.6 x 107° 
b= a ae (3) 
5k x 107! 
a= 1* x 107! + 7.6 x 1073 — bk (4) 


when the values 1* = 10~° sec and 5k = 2.57 x 107° are used in Eq. (1): 


n(t) ~ ,t/3600 
n(0) 


A 5k of 2.57 x 10° is, therefore, frequently referred to as an “inhour” for a reactor with 
1* = 10~* sec. An inhour is calculated from exact formulas; refer to Vol. 1, Chapter 1.5. 
For a reactor with 1* = 107‘ sec or less, 5k = 2.54 x 10° times the reactivity in “inhours.” 
5k is also given in dollars and cents. The 5k in dollars equals 5k/f. 

Subcritical reactors where k is less than 1 behave according to Eq. (5) which gives the 
equilibrium neutron density approached after infinite time has elapsed. When: 


_ source n 


a ° 


the absolute value of 1 —k is < B this value of n is closely approached in about 1 sec. 


INVERSE REACTOR PERIOD 


The value 1/n dn/dt is called “inverse reactor period.” It is measured with a period 
meter circuit, discussed more fully under “Indicating and Recording Instruments,” and is 
used as a guide for the reactor operator. For a supercritical reactor, the inverse period 
is a measure of 5k, a short positive period indicating a large positive 6k. 

A subcritical reactor having a neutron source will exhibit an apparent period if k is 
changed. Figure 7.4.2 shows the reactor power as a function of time for a uniform k rate 
of change from 0.667 to above prompt critical where 5k = B = 7.6 x 107°. 


REACTOR TRANSFER FUNCTION 


The transfer-function concept of reactor neutron-density response to 5k variation is 
shown on Figs. 7.4.3 and 7.4.4. 6k must be less than 8 and vary harmonically.‘*® The re- 
actor gain at 0 decibel is set at n’/ndk — 136. These curves are used in the synthesis of 
the regulating-rod control systems and in experimental work where the effect of an ab- 
sorber is to be determined. Basic limitations are discussed in the references. 


5k CONTROL MEANS 


The reactor nv may be controlled by mechanically positioning absorber rods, reflector 
material, and fuel or by changing the concentration of neutron absorbers in the coolant or 
core. Only the mechanically controlled type is treated here. Important factors requiring 
control-rod movement are: fuel depletion, fission-product poisoning, and reactor temper- 
ature changes. Reactors are usually designed to have a negative temperature coefficient 
which, in principle, provides inherent nv-regulation since a negative 5k is produced by a 
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Fig. 7.4.2 — Relative Power Level as a Function of Time for a k Rate of 
Change of 7 x 10 Per Second. Redrawn from Figure 62-4, Robert G. Durnal, 
Reactor Kinetics, WAPD-RM-62, Aug. 1951. 
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power increase. This regulation will generally be stable in the normal sense (see “Tem- 
perature Coefficient Power Regulation”) that no continued oscillations will occur if the 
combined heat capacity of the reactor, its coolant, and heat exchanger are large, as is the 
case with the Experimental Breeder Reactor (EBR). Temperature coefficient is a result 
of physical changes in the reactor element size with temperature changes, changes in ay- 
erage neutron energy, doppler broadening of resonance absorption lines and, if the coolant 
is a moderator, is largely a result of coolant density changes. Temperature control of the 
coolant by varying coolant flowrate is frequently employed to relieve the rods of some of 
their duty in offsetting temperature-induced changes in k. Temperature changes may oc- 
cur rapidly and, if not controlled, must be considered in determining the speed with which 
rods are moved. Depletion and poisoning occur more slowly and are seldom factors influ- 
encing rod-speed design. 


CONTROL-ROD DRIVE REQUIREMENTS 


Mechanical design of the rod drives cannot be reduced to formula at present. A presen- 
tation of certain basic requirements is given here to guide the designer. The rod-system 
designs covered in references (6) and (7) are recommended as giving a better understand- 
ing of the requirements. Since a perfect design is sacrificed to certain engineering com- 
promises, the basic requirements are not always fully met by these referenced designs. 


SAFETY RODS 


EFFECTIVENESS 


Safety rods are designed with an effectiveness large enough to keep k < 1 by 0.1 to 0.2 
under all operating conditions. 


VELOCITY 


Safety rods are generally moved at a uniform displacement rate through their entire 
stroke, but their effectiveness in 5k per unit displacement is not uniform. Normally, a 
rate is selected which corresponds to about 0.001 at the point where they are changing k 
the largest amount per unit displacement. About 5 to 10 min is normally allowed for full 
stroke in the direction from maximum effect to the “ready” or minimum effectiveness 
position. For safety action (that is, high-speed k change toward the minimum reactor k 
position, called “scram”), the velocity is made as high as mechanically feasible. Pro- 
viding a large negative 5k for “scram” in the first 0.1 sec is important. A value of 0.01 
6k in 0.1 sec sometimes is used as a target for design. Scram action should take place 
through stored energy sources, such as gravity or springs, with a slower but positive 
mechanical-drive follower to back up the primary scram method. 


POSITIONING 
Safety rods need not be positioned accurately along their stroke. In the “ready” position, 


they should be held securely by a quick-release, fail-safe device, such as a holding electro- 
magnet or electromagnetically operated latch. 


RELEASE 


Release of the rods from the ready position should be accomplished rapidly and posi- 
tively. A release time of 0.05 sec after a danger signal is received is usually adequate, but 
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faster release is desirable. At the end of the “scram” stroke, the rods must be stopped by 
shock absorbers. The effective distance through which these shock absorbers operate 
should be held to about 5 percent of the rod stroke or less, if possible. 


SHIM RODS 


EFFECTIVENESS 


Several rods called “shims” are designed into a reactor, each rod with a large 5k ef- 
fectiveness. They may be designed to act in banks or singly, depending upon the purpose 
of the reactor. The total 6k is greater than the sum of k changes owing to the temperature 
coefficient, the fission-product poisoning, and the fuel depletion between reloadings. 


POSITIONING 


The drive motor and mechanical linkages to a rod should be capable of positioning the 
rod anywhere in its total stroke so that a resolution corresponding to 0.00002 6k exists at 
the most effective rod position. When not being moved, the rods should be held absolutely 
still and not allowed to vibrate or move as the result of forces developed on them by the 
coolant or by gravity. 


VELOCITY 


The shim-rod velocity in a direction of positive or negative 5k depends upon the type of 
control system being used. A wide velocity range, adjustable after installation on the <e- 
actor, is advisable with a minimum adjustable range of 10-to-1 recommended. The unit 
displacement per second is usually set at the point where the rods have the largest 5k per 
unit displacement. This value varies widely over the stroke. A maximum 6k per second of 
5 x 10~‘ and a minimum of 5 x 10™° are used on existing reactors where the operator 
positions the shims. Sometimes the shims are positioned automatically by observing the 
position of the regulating rod (see “Automatic Regulation of Power”). A maximum 6k per 
second equal to about '{ of the regulating rod maximum speed may then be used but is 
usually fixed by general safety considerations. The speed is so dependent upon the con- 
trol-system design in this case that a value cannot be selected independently. 

A “scram” speed as high as possible, about 0.01 per second or more, is sometimes 
provided to back up the safety-rod system. 


MECHANICAL DESIGN 


Shim rods are positioned by means of racks and pinions, lead screws and nuts, cable 
hoists, and the like. The primary driving motor may be hydraulic or electrical. Electri- 
cal motors are used with differential gearing and brakes to provide reliable, very-wide- 
range speed adjustment. 


REGULATING RODS 


EFFECTIVENESS 


The regulating rod is similar to a shim rod in most of its functions but is usually se- 
lected for a high effective 5k per unit displacement. The duty of regulating nv in narrow 
ranges is assigned to this rod. Its stroke may be mechanically restricted to a region of 
linear effect on nv for control purposes. 
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POSITIONING 


Continuous, accurate positioning is necessary. A resolution of 0.00001 5k is used for 
experimental reactors. The rod should be held stationary by a mechanical brake when not 
being moved and should be guided to prevent vibration. If proportional feed-back rod- 
positioning control is provided (see “Automatic Power Regulation”), the brake is not used 


VELOCITY 


A speed of 107° to 5 x 10‘ 5k/sec is used for operator positioning of the rod. Speeds 
for automatic positioning are discussed under “Automatic Power Regulation.” 


SHIM-SAFETY RODS 


A shim-safety rod®’ is one which combines the functions of shim and safety rods. All 
values and requirements given for either a shim or a safety rod apply for this rod. It must 
position accurately for shim action and move rapidly for “seram” action. 


POSITION MEASUREMENT 


The position of the control means for 5k is measured and displayed on the operator’s 
control panel. 


REMOTE-POSITION INDICATORS 


These usually are operated by a standard synchrotransmitter and receiver pair having 
the torque required to drive the dial selected. An instrument servomechanism for accu- 
rate rod-position indication® and an indicating system for a sealed reactor’ have been 
described. 


ACCURACY OF MEASUREMENT 


For. experimental reactors, the rod-position measurement resolution should correspond 
to about a 5k of 1 x 107° for at least one rod. 


POSITION INDEXING 


Accurate indexing should be provided where possible by exposing a mechanical link to 
the rod-drive mechanism. The remote indicators on the operator’s panel are set to 
correspond to this positive indication. For sealed systems, magnetic detectors must be 
used. A special detecting device has been described.’ 


AUTOMATIC POWER REGULATION 


Automatic power regulation is used to relieve the operator of the tedious duty of con- 
tinually repositioning the rods and to provide more accurate average reactor nv or aver- 
age temperature regulation. In general, relatively rapid changes are offset by the 
designated regulating rod and slow changes by the shims. These rods are discussed under 
“6k Control Means.” The principle followed is to provide a feed-back control system to 
set the regulating-rod position and then to set the shim positions to keep the regulating rod 
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close to an optimum regulating position. The duty of positioning the shim rods is fre- 
quently left to the operator; however, the usefulness of the automatic system is extended 
if a shim-regulating rod tie-in is provided. | 


REGULATING ROD CONTROL 


RANGE 


The designated range of maximum 56k control assigned to the regulating rod has a de- 
cided bearing on the selection of feed-back control-system characteristics. A linear 5k 
per unit displacement over the total range is desirable because the 5k per unit displace- 
ment is part of the system gain and, if large changes are encountered, system tightness 
and stability will be affected. For regulating rods with a maximum speed between about 
0.02 5k/sec and 0.002 5k/sec, the 5k total is limited to about 0.8 6 to limit accidental _ 
. short-reactor-period resulting from a rod control system malfunction. For slower rods, 
the total rod 5k is limited only by the linear range available or the flux distribution dis- 
tortion which may result from rod movement. For reasonably flexible control in a system 
where the shims are not positioned automatically, a desirable 5k value is twice the tem- 
perature coefficient 5k which results from a power change from 1 percent to 100 percent 


of operating power. 


REGULATING-ROD CONTROL -LOOP 


Figure 7.4.5 shows the regulating-rod control-loop. The purpose of the system is to es- 
tablish automatically the value 5k = 0 for the reactor at a desired reactor neutron density, 
ng The loop disturbance is designated as 5k, which represents k change owing to insertion 
or removal of experiments, fuel depletion, temperature coefficient, or fission-product 
poisoning. 

The actual error signal is designed as nj,. This error is time dependent upon reactor 5k 
or frequency dependent as shown in Figs. 7.4.3 and 7.4.4. However, the magnitude of n‘, is 
dependent upon the magnitude of ng and so must be normalized with respect to n, to 
present a fixed system gain at the input to the preamplifier. This normalized error is 
designated as nj. | | 

The control-loop shown by solid lines can be stabilized by system gain adjustment, but 
the dotted internal feed-back loop is usually added to improve operation and system 
tightness. 

The basic loop design is predicated upon control of 6k which regulates neutron density n 
to the desired value n,. 


NORMALIZED ERROR ng 


The normalized error nj is equal to nq divided by ng. Several methods are available for 
obtaining the nj value. This operation adds to control system flexibility but also adds 
somewhat to design complexity. Where the range of control to be covered by a system is 
over 90 to 100 percent of design power, the change in gain and control accuracy owing to 
the use of n{ instead of n’ is 10 percent. Where the range control can be restricted, the 
calculation of nj can be eliminated from the system. This is the case with the regulation 
scheme of the EBR in which the deflection of a galvanometer, with about a 3-sec period, 
was used to determine the difference between the ion chamber current and a fixed bucking 
current proportional to the demand n- Deflection of the galvanometer activates photocells 
which operate relays and start the regulating rod running in a direction to make 5k = 0. 

One useful method of obtaining nj is presented in Fig. 7.4.6. In this circuit, the load 
resistance CR p decreases as reactor power rises. Chamber dynamic resistance AE/AI 
also decreases as reactor power rises, and a ratio of 100 between the chamber AE/AI and 
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the load resistance is needed to ensure a linear relation between reactor nj, and chamber 
current. With this circuit, the load resistance decreases as the dynamic chamber resist- 
ance decreases making the ratio more easily obtainable in power range. Another design is 
shown in reference (7), Fig. 5.3c, in which the chamber current is fed to the total fixed 
potentiometer resistance. For the circuit of Fig. 7.4.6, feedback can be employed at the 
input grid of the preamplifier because the grid resistance is constant. 

If Rp on Fig. 7.4.6 is made logarithmic, a constant rate of displacement of the arm will 
correspond to a constant period of neutron density demand change. This type of potenti- 
ometer design is very special and costly for total resistance values above 0.5 x 10° ohms. 

To reduce complication, the range of control n,,.,/mg can be limited to 10: Power 
changes below nj are then made by lowering v,; however, the gain reduces as Ve, and the 
accuracy of control is not maintained in this lower range. 

Figure 7.4.7 shows a method for obtaining nj over a wide range of n control and pro- 
viding an instrument calibration adjustment. This system requires an additional amplifier, 
but the resistance values are normally lower than those of Fig. 7.4.6. 


CONTROL-LOOP CHARACTERISTICS 


The control-loop for the regulating rod can be operated as either a proportional regula- 
ting system or a discontinuous regulating system. 

A proportional regulating system is one in which the position of the regulating rod is 
changed in proportion to and in phase opposition to the error nj. In this case, n{ develops 
either a torque or a velocity of the rod in proportion to n{ magnitude. Regulation of n to 
a value + 0.1 percent of n, can be obtained with this type of system. 

A discontinuous regulating system is one in which no control is obtained unless the nj 
error represents a deviation in n of some fixed percentage away from n,. When a suffi- 
ciently large error occurs, the rod is run at a set velocity. Regulation of n to + 0.5 per- 
cent of n, can be obtained with this type of regulating system. 

Choice of type of system for a particular reactor should be made on the basis of desired 
control accuracy. However, if a discontinuous system is selected, it is important to note 
that when the error nj is in the control “dead” zone between + 0.5 percent the rod usually 
is held stationary by a mechanical brake or by friction in the rod guides to make operator 
rod-positioning simple. In a proportional system, any forces acting on the rod develop an 
error nj large enough to hold the rod in place through the torque developed at the rod- 
drive motor. For operator control, the nj error is not available and additional circuitry 
is usually necessary to hold the rod in position against disturbing forces. For this reason, 
discontinuous type of control offers an operating advantage over proportional control and 
should be used unless the better accuracy is necessary. 

An example of a proportional system is described in reference (10). A discontinuous 
type system is described in reference (11). 


SELECTION OF CONTROL -SYSTEM COMPONENTS 


Control-system design is predicated on the selection of a drive motor for the regulating 
rod. The amplifiers for a proportional system or contactors for a discontinuous system 
can be selected or designed to meet requirements by using frequency analysis methods ap- 
plied generally to regulating systems. The transfer function of the reactor has been 
presented in Figs. 7.4.3 and 7.4.4. A discontinuous system can be treated as shown in 
references (11) and (13) or by the method of reference (14). Selection of a regulating-rod 
drive-motor can be made from the standpoint of physical size and ambient conditions. 
However, when the motor is not fixed by these conditions, a choice can be made on the 
basis of system performance desired, fixing the maximum velocity torque, and accelera- 
tion needed by the motor as given under “System-Performance Evaluation.” 
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Fig. 7.4.6 — Circuit Used to Obtain Error from Ion Chamber Current. Sub- 
mitted by Argonne National Laboratory, Sept. 1946. 
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SYSTEM-PERFORMANCE EVALUATION 


The performance of the regulating-rod control system can be evaluated as follows: 


6k Disturbance 


Select a 5k disturbance to be controlled by the regulating rod. This value must be less 
than or equal to the total 5k of the regulating rod. Convert this 5k to rod displacement, d, 
in feet. Select a time base, t, in seconds in which this value of 5k is to be handled by the 
rod. Use Table 7.4.2 to convert t to the peak power ratio which indicates approximately 


Table 7.4.2 —n,/ng = Peak Power Ratio = 1 + 300A 5k 


A 
t, sec w, radians 1* = 107? sec 1* = 10‘ sec 1* = 10° sec 
10.0 0.3 2.00 2.00 2.00 
4.0 ay As) 1.50 1.50 1.5 
2.0 1.5 1.00 1.25 1.25 
1.0 3.0 1.00 1.00 1.00 
0.4 7.5 0.75 0.85 1.00 
2 15.0 50 75 1.00 
1 30.0 25 65 1.00 


how much the reactor power will deviate from the control n, under the influence of a step 
6k of the magnitude selected. The value of w shown in the table is used to obtain peak 
torque T,,,, velocity v,,, and acceleration a for the drive motor from Eqs. (6), (7), and (8): 


Vm = #4 ft/sec (6) 
a = w'd ft/sec” (7) 
sa = system inertia x a ft-lb : (8) 


The velocity v,, converted to 5k per second, at the point of minimum effectiveness must 
be no less than the 5k per second resulting from the temperature-coefficient effect oc- 
curing as a result of an expected load change. v,, ranges from 2 x 107? k/sec to 107° 
5k/sec for existing designs of proportional-type systems. For discontinuous-type systems, 
Vm ranges from 107? to 10° 8k/sec. For the discontinuous system, the gearing between 
motor and rod is usually made a high ratio to make the load essentially only the motor 
itself. For the proportional type, a similar gear ratio may be taken for a high-speed 
motor, but a more direct approach has been described. ' 


Signal-to-Noise Ratio 


Noise in the signal will dictate the gain designed into the preamplifier and power ampli- 
fier. Good values of signal-to-noise ratio for use in design are: 100:1 for a power re- 
actor with flowing coolant and 1,000: 1 for a reactor with no coolant flow measured at ion 
chamber output. The torque or velocity developed by the noise in the signal should not be 
more than 26 db less than the saturation torque or velocity of the drive motor for a 
proportional-type system. In a discontinuous system, there is the inactive zone where nj 
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is less than the allowable power variation. The gain of the preamplifier should be low 
enough to keep the noise at less than 0.1 of this inactive zone. 


Additional Design Notes 


The effect of contactor lag upon the stability of a discontinuous-type system has been 
shown;'* for a reactor, wide range of stability has been obtained with an h/A of 0.03. 

In a discontinuous-type system, the stalled-motor torque and the inertia at the motor 
shaft determine the motor time-constant. A time constant of 0.2 sec or less is satisfac- 
tory. The action of a brake to stop the rod adds greatly to stability by decreasing phase 
lag. A stopping time of 0.02 sec or less from full speed is recommended. 


AUTOMATIC SHIM AND REGULATING ROD OPERATION 


The shim rods may be used to extend the ability of an automatic system. If a point or 
range is designated as optimum in the regulating rod stroke, then the deviation of the rod 
from this position under automatic control-system operation is a measure of shim rod 
corrective 5k desired in as much as the normal duty of the regulating rod has been ex- 
ceeded. If the shim rods can change 65k at a rate equivalent to the temperature-coefficient 
rate of change of 5k, the shim rods can be used to effectively extend the regulating-rod 
range. Thus, the total regulating-rod 5k can be restricted to a more linear region, and 
also a higher maximum velocity in 5k per second can be assigned to the regulating rod. 
The optimum regulating-rod position for this condition is the center of its stroke. 

Where the shims are too slow, the 5k positive available in the rod is made at least 0.001 
5k greater than the negative 5k owing to power-range temperature change. For a water- 
cooled reactor, this may be as large as 0.006 so that a positive 5k of 0.007 is required. A 
somewhat less negative value is required, making a total of about 0.01 5k for the rod. This 
places the optimum position at 30 percent of full stroke. Since possible maloperation is 
always anticipated for an automatic rod, the maximum rod speed should be limited to 
about 0.0005 5k/sec for this case. 

In general, the 5k/sec of the shims must be greater than the anticipated rate of 5k 
change which must be offset by them. When the regulating rod deviates an amount equal to 
the total 5k it is designed to offset, the shims are placed in motion. The physical distance 
of regulating-rod excursion away from the selected optimum point is set, and limit 
switches are used to start the shim rods running at a constant speed. This amounts to a 
discontinuous-type control system which can be designed as shown for the discontinuous 
regulating-rod systems. Proportional speed control is not used because of the additional 
complication it introduces into the shim-rod control-system design. Generally, a pre- 
ferred method is to let the automatic system run the shim rods in a negative 5k direction, 
reserving positive 5k motion for operator control. Permissive switches are used to pre- 
vent shim movement toward positive 5k unless the regulating rod has deviated from its 
optimum point by a fixed amount. In this way, the shim position is made to improve the 
usefulness of the regulating rod. 

The factors given consideration here are amplified in reactor design reports given in 
the reference list at the end of this chapter. 


AUTOMATIC PROTECTIVE SYSTEM 


A nuclear reactor is protected from damage by a system of electrical interlocks, 
sensing elements, relays, and instruments, the complexity of which is a matter of engi- 
neering compromise based on the end purpose of the reactor, the fuel-element design, na- 
ture of the coolant, quality of the shield, and the like. Some important conditions con- 
sidered dangerous to the nuclear reactors are listed below for use as a guide, but each 
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nuclear-reactor design brings up its individual array of conditions for protective system 
action. 

In general, an effort should be made to design protective system elements to “fail safe;” 
that is, if an element fails to operate, it either deactivates a protective circuit and sets off 
an alarm or causes the control means to reduce k. 


NUCLEAR REACTOR SHUTDOWN 


Measurements which initiate fast rod motion are referred to as “scram signals.” 

A false scram is undesirable and failure of the “scram” system is dangerous; combi- 
nation relaying methods are therefore used to improve “scram” system speed and relia- 
bility. For example, similar “scram” signals are read by sensing elements connected 
directly to sensitive relays, either electronic or magnetic or a combination of both. With 
at least three such assemblies provided, the relaying system may be designed so that if 
two of the three measure a dangerous condition, “scram” is initiated. Parallel systems 
are also used in which a fast-acting electronic relay is placed in parallel with a magnetic 
relay and, if failure of the electronic relay occurs, the magnetic relay backs it up. This is 
done to gain the advantage of high-speed electronic relay action in addition to the relia- 
bility of magnetic relays. To preclude the failure of one element or instrument in a meas- 
uring system, the readings of several elements are converted to voltages, and these volt- 
ages are compared by diode circuits arranged to send only the highest voltage to a scram 
circuit. This type of action is sometimes called “auctioneering.” Particular “scram” 
signals are discussed further in the following paragraphs. 


NEUTRON DENSITY 150% OF NORMAL DENSITY 


Measuring is done with different types of primary elements, such as neutron-sensitive 
ion chambers, gamma chambers, pulse counters, scintillation counters, and neutron 
thermopiles. The trip settings are made adjustable because they must be set experimen- 
tally after installation on the reactor. Approximate settings are initially calculated to ob- 
tain a starting point setting for the protective circuits. 


FLUX PERIOD LESS THAN 1 SECOND 


Neutron-sensitive ion chambers and pulse counters are used as sensing elements. 
Positive and negative periods may be used to provide similar protective action. Basically, 
the positive period is considered the dangerous one, but negative-period protection is pro- 
vided on the assumption that a short uncontrolled negative period may be followed by a 
short positive period. 


EXCESSIVE COOLANT TEMPERATURE 


This is measured with thermocouples, resistance thermometers, and gas or mercury 
bulbs in the coolant stream. Temperature indication is obtained with a 2- to 4-sec re- 
sponse period, depending upon the heat capacity of the element enclosure. 


RAPID CHANGES IN COOLANT TEMPERATURE 


These changes are indicated by attaching amplifiers and rate circuits to the coolant 
temperature instruments. 


LOSS OF INSTRUMENT ELECTRICAL POWER SUPPLY 


Under-voltage relays both time-delayed and instantaneous are used. For increased 
reliability, instruments are fed by battery-driven DC motors and AC generator sets. The 
battery is, in turn, “floated” on an AC motor and DC generator combination driven from 
the purchased power supply. | 
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POWER REDUCTION 


In some cases, Signals similar to the shut-down signals are used to reduce reactor 
power rather than “scram” the reactor. The action may consist of driving selected rods 
toward the minimum reactor k position at a nominal speed, or in case automatic power 
control by a regulating-rod control system is installed, the demand n, may be run toa 
minimum setting. Typical signals for this type of action are: neutron density = 120 per- 
cent design density; flux period less than 5 sec; coolant flow = 80 percent normal; tem- 
perature of coolant = 105 percent normal; and loss of purchased power supply. 


OPERATING PROCEDURE INTERLOCKS 


In addition to the preceding shut-down conditions, the operator’s procedure in starting a 
reactor is supervised by a system of interlocks, annunciators, and signals. The following 
paragraphs discuss conditions in this category. 


PERMISSIVE LOCKS 


The main power supply should be key-locked “open” with one or more locks to be used 
for supervisory control or to enforce a routine area inspection before start-up. 


SAFETY RODS READY 


Ready-position limit switches are provided on the safety rods to indicate that they are 
ready to “scram” the reactor. These limit switches are inserted into the control system 
to prevent shim-rod removal when the safety rods are not ready. Where shim-safety rods 
are used, magnet current is sometimes uSed aS an indication that the rods are held in 
position. Where latches are used, the latch position is sometimes detected directly by 
limit switches or can be detected through the magnet current magnitude. 


REGULATING ROD READY 


Limit-switch interlocking is sometimes used on the regulating-rod drive-mechanism or 
on an auxiliary program device to ensure that the rod is in an optimum or desired control 
position before the shim-rods are moved away from the minimum k position. Optimum 
rod position was discussed under “Automatic Shim and Regulating Rod Control.” 


COMPLETE SYSTEM DESIGNS 


To describe the design of a protective interlock system requires a comprehensive dis- 
cussion beyond the scope of this chapter. It is desirable to leave complex procedure inter- 
locking out of the system and depend upon the intelligence of the operator for proper 
procedure in starting up a reactor or making a power change. A more involved system of 
interlocking is provided for MTR.’ Other experimental reactor systems have also been 
described.'>-!6 | 


TEMPERATURE-COEFFICIENT POWER REGULATION 


The temperature coefficient of the reactor is important to control. Some aspects of the 
effect on control system design have been discussed under “5k Control Means” and 
“Automatic Power Regulation.” This coefficient is referred to as negative if increasing 
power produces negative 5k. Many reactors currently in operation have a net negative 
temperature coefficient, but the likelihood of there being a positive coefficient is always 
considered in proposed designs. From currently available information, it is very unlikely 
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that a water-moderated and water-cooled reactor could have a positive temperature 
coefficient, because the effect is produced by a combination of dimensional changes and 
moderator density change. These effects have been large enough to offset any nuclear 
cross-section change which might oppose them, and the net effect found in the completed 
reactor is a negative coefficient. The liquid-metal-cooled Experimental Breeder Reactor 
(EBR) also has a negative temperature coefficient. The usefulness of this effect has been 
demonstrated in the EBR system where, by simply changing the load or heat removal, the 
reactor power will self-regulate to a new value equal to the demand on the system, no rod- 
position changes being necessary. When more heat is removed by the external power sys- 
tem, the lowered temperature of the coolant lowers the fuel-element temperature provid- 
ing a positive 5k for increasing the power. The increase in temperature drop in the cool- 
ant across the reactor which results from higher power returns the 5k to 0. Quantitative 
data for EBR are not yet in published form. The temperature coefficient is about 107° 
total 5k for the temperature rise in the useful power range. For CP-3’, the experimental 
heavy-water-moderated reactor at ANL, the total 5k resulting from the power change in 
the operating range between 3 kw and 275 kw is about 5 x 107°, The factor of 5 difference 
is largely a result of moderator or density change. 


APPROXIMATE ANALYSIS 


The dynamic control effect of the negative temperature coefficient can be estimated for 
the simple case where a suitable single dominant time constant can be established. 

Let the effect of the temperature coefficient on reactor k be 5k,,; then, the relation be- 
tween power and 6k. for a power increase is given in Eq. (9): 


ie Z(l —e t/14) (9) 


where: P{ = fractional power change 


Z = total 5k owing to temperature effect in the operating range from 1 to 100 per- 
cent of design power divided by 99 


T, = the dominant time constant (in seconds) of the heat exchange in the reactor 
which produces the temperature effect 


The description of Z given here limits consideration of temperature effect to that range 
where a significant rise in coolant temperature across the reactor is obtained, that is, 
above about 1 percent design power. Below this power, there still is a temperature effect 
on the reactor k, but the changes in temperature are not produced entirely by power 
changes in the reactor because heat must be added to the coolant system from another 
source to maintain its temperature. 

A k change 6k, from control means or changes in other k effects will then cause the re- 
actor power to rise or fall to a new power which is a function of Z and k ¢ 28 given in 
Eq. (10): 


P=P)+ 2 (10) 


where P and Pp are in fractions of full power. 
Whether reactor power will approach the new value, P, either by overshooting or by not 
overshooting P, is a function of 1*/f, 7,, and the magnitude of Z. When 7, is much larger 
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than 1*/f and Z is large, an overshoot can be expected. When Z is decreased or when 7, 
gets near 1*/8, no overshoot is to be expected. 

To estimate the condition existing for a particular reactor, assume that a step change 
positive in k of a magnitude 5k, has taken place. Calculate P from Eq. (10). Then using 
Table 7.4.2, calculate the power ratio for 5k, positive with an w equal to 1/;. If the power 
indicated by the power ratio is less than P, there will be no overshoot. If it is greater 
than P, there will be no overshoot. 

This method of analysis is only for estimating the effects of temperature and is 
presented here in lieu of more analyses, experimental work, and quantitative data. 

The above considerations were based on the assumption that all heat supplied by the 
reactor was removed by the external heat exchanger or power system. When a 56k dis- 
turbance takes place and it is assumed that no heat is removed from the coolant of a 
water-moderated reactor, an oscillating condition is found. The heat is stored in sections 
or slugs of the coolant, and when that slug returns to the reactor, the average temperature 
of the coolant is higher, injecting a negative 5k which must again be stabilized by the tem- 
perature coefficient. On the next cycle, this process is reversed, and the resulting oscil- 
lations occur in periods corresponding to the period of coolant circulation. Heat losses in 
a practical system should prevent a long continuation of the oscillation and certainly pre- 
vent any instability. Some exploratory work" was done on this effect. In a liquid-metal- 
cooled reactor, this effect would be minimized because the ratio of the fuel-element 
temperature to the coolant temperature is higher than in a water-cooled reactor. 


REACTOR INSTRUMENTATION 


GASEOUS COUNTERS AND CURRENT CHAMBERS 


B!" TYPE 


An electrical potential difference is applied between two electrodes enclosing a nor- 
mally non-conducting gas. As ionizing agent enters the gas, positive and negative ions are 
formed and are collected at the electrodes. An electrical current between the electrodes 
results. The sensing element design is normally aimed at getting the current magnitude 
directly proportional to the radiation to be measured. Short-range alpha particles give the 
largest amount of specific ionization; gammas give the least amount of specific ionization 
owing to their very high range. Neutrons are detected by absorption in B’° which results 
in an n, @ reaction; the a particles, in turn, cause gas ionization. The electrodes may be 
coated with B’® or the chamber may be filled with B’’ F, gas. 

When the gas is ionized, the electrons may gather energy from the electric field and 
cause further ionization. This effect, referred to as “gas multiplication,” is enhanced by 
higher electric-field strength and is used in proportional counters. If a low nv is incident 
on the chamber, intermittent current pulses will result. These pulses are counted in 
scalers (combinations of electronic and mechanical counters) usually used in a range be- 
tween 10 and about 100,000 counts/sec. Counters of this type are commercially available. 


COUNTERS 


A sensory element that operates with a circuit which accepts and registers pulses is 
called a “pulse chamber.” If the observed pulse is amplified linearly by gas multiplica- 
tion in the element, it is referred to as a “proportional counter.” Figure 7.4.8 shows a 
typical pulse chamber used for general-purpose work at ANL with a maximum counting 
rate of 10’ counts/min. This type of chamber operates with a wide-band, high-gain ampli- 
fier having a rise time of about 10~' sec and a noise level of 10~‘ volts with a chamber 
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Fig. 7.4.8——Cross Section of a Typical Pulse Counter. Submitted by Argonne 
National Laboratory, Sept. 15, 1952. For dimensions, see Fig. 7.4.9. 
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capacity of 10 yuf. The B!° disintegration will produce pulses of 2 x 10~™ to 5 x 107 volts. 
Electrode sizes are selected so that collection time will be 0.2 x 10~* sec at 1 atm of BFs. 
Dimensions and characteristics of three typical counters are shown in Fig. 7.4.9. 

A shock-resistant version of B'°F, proportional counter is shown in Fig. 7.4.10, and a 
B!°_lined proportional counter is shown in Fig. 7.4.11. The characteristic curve was 
taken with a combined amplifier and scaler with input sensitivity of 2 x 10~* volt. 


CURRENT CHAMBERS 


When a continuous current is used for radiation measurement, the chamber is referred 
to as a “current ion chamber.” Gas multiplication is not utilized for this type of neutron 
detection; thus, in general, the potentials applied to ion chambers are less than those ap- 
plied to pulse chambers, and the electrodes have a relatively large area. The useful cur- 
rent range is from 10” to 1074 amp from current ion chambers. A typical current ion 
chamber for measuring reactor mv is shown in Fig. 7.4.12. The plates are B’°-coated, and 
a spacing of ‘4 in. is used to obtain a relatively low effect from gamma ionization in the 
gas between the plates. Electrolytic-iron electrodes are used. 

A B’°F,-filled chamber is shown in Fig. 7.4.13, and its saturation curve is shown in 
Fig. 7.4.14. The drawing does not show the grounded outside shell necessary to protect 
and shield the chamber in use with a reactor. 


FISSION CHAMBERS 


Current ion chambers and pulse chambers can be built using U** coatings on one or 
both electrodes. The neutrons are readily absorbed by uranium, and high ionization is 
produced as a result of fission. Pulse counters operating on this principle are called 
“fission counters.” An advantage of this type of instrument is the very high current pulses 
produced by neutrons compared to the relatively small pulses produced by gammas. If 
U*® is used as the coating, the instrument can be used as a high-energy-neutron detector. 


FISSION PULSE COUNTERS 


A concentric cylinder type of construction is shown in Fig. 7.4.15; this is a compara- 
tively simple method of building such an element. 

Another type, called “spiral-wound fission counter,”!® the object of which is to provide 
a large, coated area in a small volume, is shown in Fig. 7.4.16. 


FISSION-CURRENT ION CHAMBERS" 


The fission counter of Fig. 7.4.15 was operated as a current ion chamber at 4 x 107° 
amp output and gave a sensitivity of 4 x 107'‘ amp/flux with 300 volts on the electrodes. 

A typical natural-uranium current ion chamber is shown on Fig. 7.4.17. The use of 
natural uranium precludes the danger of burn-up at high nv because the U*** is converted 
to plutonium. This chamber was designed for operation in 10'* nv or more. The character- 
istic curves are shown in Figs. 7.4.18 and 7.4.19. 


GAMMA ION CHAMBERS 


For wide-range reactor control, the quantity to be measured is the average neutron flux 
in the reactor. The average value of this flux may vary from 10° to 105 The gamma radi- 
ation resulting directly from fission (called “prompt gamma”) is sometimes as good a 
measure of neutron density as the neutrons themselves, both being proportional to the 
neutron density. 
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Fig. 7.4.9—Relative Counting-rate Response to a Standard Neutron Source 
as a Function of Electrode Voltage for Typical Pulse Counters. Submitted by 
Argonne National Laboratory, Sept. 12, 1952. 
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Fig. 7.4.14—Saturation Curves for B!'°F,-filled Ion Chamber of Fig. 7.4.13. Submitted by Argonne 
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lin. 


CENTER NATURAL 
ELECTRODE URANIUM 
DIA. = .156 in.t 001 | COATING 
.D= .366 in.t.OOt 
WALL = .020 in. 

LEGEND 


|. CHAMBER FILLED WITH ATMOSPHERIC AIR. 

2. POLARITY OF ELECTRODE AFFECTS 
SENSITIVITY USE WITH, CENTER POSITIVE, 
OUTER NEGATIVE, COMPARE FIGS 7.4.2! ¢74.22 

3. A CHANGE IN OUTPUT CURRENT TAKES 
PLACE FOR SEVERAL MINUTES WHEN THIS 
CHAMBER IS FIRST EXPOSED TO A HIGH 
VALUE OF FLUX. CONTINUAL EXPOSURE 
RESULTS IN A STEADY OUTPUT CURRENT 
READING 

4. THIS CHAMBER WAS EXPOSED TO 10"nv.A 
CHANGE IN SENSITIVITY OF 10% WAS 
OBSERVED DURING THE FIRST 8 HOURS. 


NO CHANGE WAS OBSERVED AFTER THAT 
TIME. 


5. CHAMBER IS TEMPERATURE-SENSITIVE. 


Fig. 7.4.17 —Natural-uranium Fission-current Ion Chamber. Submitted by 
Argonne National Laboratory, Sept. 1952. 
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GAS EXIT TO GAS MONITOR 
THROUGH RG-62/U CABLE 


OUTPUT CURRENT LEAD 


NITROGEN GAS INLET 
THROUGH RG-62/U CABLE 


THREADED SCREW FOR % 
VOLUME ADJUSTMENT BY 

SGREW DRIVER THROUGH 
CAP 


NEGATIVE VOLTAGE CONNECTION 
& GAS CHANNEL TO NEGATIVE 
VOLTAGE CONNECTOR 


ELECTRICAL CONNECTION FROM 
OUTPUT CURRENT CABLE SHIELD 
TO GRAPHITE CORE 


QUARTZ TUBING INSULATION 
COVERING MAGNESIUM ROD 


QUARTZ TUBING INSULATION 
COVERING Pb WIRE 


QUARTZ INSULATOR PINS 


NEGATIVE VOLTAGE ELECTRODE 
(GRAPHITE) 


OUTPUT CURRENT ELECTRODE 
(GRAPHITE) 


POSITIVE VOLTAGE ELECTRODE 
(GRAPHITE) 


PRINCIPLE SOURCE OF NEUTRONS 


LEGEND 
| FLUX RANGE , THROUGH 6 DECADES 
2. CURRENT RANGE ; MAX 10%; MIN 10°° amps 
3. SENSITIVITY = 10'* amp per nv 


Fig. 7.4.20——Compensated Current Ion Chamber. Redrawn from Fig. 4, MTR 
Safety System and Its Components, ORNL 1193. 
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Gamma-current ion chambers are used to determine power in zero-power reactors and 
are useful as back-up or safety-type chambers on many reactor installations. A typical 
gamma-current ion chamber is similar in construction to neutron-sensitive chambers, but 
the filling-gas pressure must be high to provide reasonable sensitivity. A typical value is 
600 lb/sq in. of argon. 


COMPENSATED ION CHAMBERS 


Gamma radiation present near a reactor may result from the combination of activated 
structural material, fission-product gammas, and prompt gammas, and the instrument 
current is therefore not always proportional to neutron density alone. The sensitivity of a 
sensory element to gamma radiation can be reduced by close spacing of the electrodes; 
vA in. to yf in. spacings are frequently used; optimum electrode spacing is discussed in 
reference (20). Gamma-compensated ion chambers are built with two nearly equal gas 
volumes located next to one another. One volume is made sensitive to neutrons plus 
gamma rays, the other to gamma rays only. By opposing the currents from these, the net 
chamber current becomes a measure of neutrons alone. This assembly is referred to as 
a “compensated ion chamber.” 

A typical compensated chamber is shown in Fig. 7.4.20. Nitrogen gas is circulated 
through the chamber along the leads. This serves to maintain known gas in the chamber 
and keep the leads dry. Chamber materials are selected to have a minimum of residual 
activity. Compensation is adjusted by changing the position of the inner electrode, which 
effectively changes the compensation volume, and by changing the voltage of the negative 
supply. Another compensated chamber is shown in Fig. 7.4.21. This chamber is compen- 
sated by changing the potential between the compensating electrodes. The center electrode 
is shaped to produce a weak-field region so that the ratio of AI to AE along the plateau of 
this section is larger than the same value for the neutron-sensitive section. Figure 7.4.22 
shows the field in the compensating volume. 


TEMPERATURE-TYPE ELEMENTS FOR NEUTRON DETECTION 


Neutrons can be detected by absorption in boron-coated temperature-sensitive ele- 
ments. The absorption of neutrons causes the temperature of the element to rise. Ther- 
mocouples have been assembled with several closely spaced junctions in series. Alternate 
junctions are coated with boron or uranium (a neutron absorber) and are connected elec- 
trically so that the potentials of the coated and uncoated junctions oppose. The net voltage 
output of this assembly is a measure of the neutron density at the junctions.?! 

These assemblies are called “neutron thermopiles.” Their chief advantage is compact- 
ness and low impedance. They can be inserted into the reactor core where space is very 
limited. A typical unit assembly is shown in Figs. 7.4.23 and 7.4.24. The sensitive ele- 
ment is chromel P-constantan wire, 0.003 in. in diameter, and alternate junctions are 
coated with 15 mg of Bp’? powder applied with Sauereisen No. 1 cement or polystyrene- 
acetone dope. The active section is 0.04 in. thick. The thermocouple ends are soldered to 
copper terminals which are insulated from the 2S aluminum case by mica. 

Sensitivity is 10° volts per 10'! nv. The response is linear up to 3 x 10'? nv. The time 
constant owing to heat capacity of the detecting element is about 4 sec. Such an element 
was exposed for 5 months at 5 x 10"' nv with no change in sensitivity or failure resulting 
from deterioration. Figure 7.4.25 shows a watertight version of the neutron thermopile 
sealed in a 2S aluminum can. 

An alternate temperature method has been investigated by WAPD in which small-di- 
ameter platinum wires have been coated with boron. Using an uncoated unit and a coated 
unit together in a resistance bridge provides a rugged and accurate method of flux deter- 
mination. The assembly was called a “Bolometer Flux Meter.” 

The disadvantage of both types of temperature elements is slow response to flux changes. 
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Fig. 7.4.22—Compensating Electrode Field for Chamber of Fig. 7.4.21. Sub- 


mitted by Argonne National Laboratory from unpublished WAPD data. 
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SCINTILLATION COUNTERS 


Solid-state counters have relatively high sensitivity and are therefore useful for low- 
power-reactor measurements. Radiation absorbed in the scintillating material gives off 
light which will produce free electrons in a photomultiplier where the signal is amplified 
through the medium of secondary electron multiplication. This overcomes the effect of 
noise in conventional thermionic amplifiers. The availability of a scintillator having the 
correct nuclear and physical properties determines the usefulness of this class of 
counters. 

Table 7.4.3 lists the useful scintillators and some of their properties. Figure 7.4.26 
shows the construction of a typical scintillation counter. The following are brief notes on 
the usefulness of the scintillators. | 


SODIUM IODIDE 


This scintillator, with its light output and high atomic number, is most useful for gam- 
ma counting. A 1'4-in. thickness is 40-percent efficient for gamma rays at 4.5 mev. 


LITHIUM IODIDE 


This scintillator is useful for neutron detection and neutron-energy discrimination. A 
1-cm thickness is 65-percent efficient for thermal-energy neutrons, and the efficiency 
decreases as the neutron energy increases. in a one/v relationship. Pulse size increases 
as 4.78 + E, where E, is the neutron energy in mev. The neutron energies must differ by 
1 mev for good discrimination. The scintillator must be protected against moisture. 


ZINC SUL FIDE 


This scintillator is useful as an a detector. It must be covered with a light-tight bar- 
rier of aluminum. A 20-micron grain size powder of ZnS mixed with lucite molding pow- 
der and molded into a pellet is a good detector of higher than 1-mev neutrons with an ef- 
ficiency of 0.2 percent. Small particle size makes this a detector which will discriminate 
against gamma rays. 


CALCIUM TUNGSTATE 


This scintillator is a good gamma-detector. It resists attack by corrosive solutions. 


ANTHRACENE 


This scintillator has a high, light output and is used chiefly for beta-ray detection. 
Hydrogen content makes this a good fast-neutron detector, but it does not discriminate 
against gammas, 


STIL BENE 


This scintillator is sometimes used in place of anthracene, its advantage being a shorter 
decay time. 


PHOTOMULTIPLIERS 


The most common is RCA type 5819, end-window construction, 1°4-in. circular cathode. 
Spectral response is a peak at 4600A. It produces about 1 electron for every 10 photons. 
The gain is about 10° at 100 volts per stage. For fast coincidence work, the maximum peak 
current is about 60 x 107° amp. Collection efficiency is 70 percent with 200 volts between 
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Fig. 7.4.26—Scintillation Counter Assembly. Submitted by Argonne National 
Laboratory, Sept. 1952. 
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cathode and first dynode. For a dark current counting rate of 1 count/min or less, a dis- 
criminator level corresponding to 50 cathode electrons is used. An assembly of a typical 
counter is shown in Fig. 7.4.26. 


SCINTILLATION-COUNTER DESIGN 


Scintillation-counter design is a rapidly developing field, and further information may 
be obtained from references (22) through (37). 


INSTRUMENT INSTALLATION 


The following notes on good practice for reactor instrument installation are to be used 
as a guide for selection and location of the sensory element and measuring instrument. 


LOCATION AND RANGE 


Ion chambers used for reactor control should be placed in a flux of 5 x 10’ nv or (pref- 
erably) less. The response and characteristics of counters is usually affected by 10° nv or 
a gamma of 107 r/hr. The counter should be protected with cadmium or removed if these 
radiation values will be encountered at its location. 


Figure 7.4.27 summarizes the normal useful range of coverage of sensing elements for 
nuclear-reactor control instrumentation. 


CABLES AND CHAMBER MOUNTINGS 


The sensory element (especially an ion chamber) should be securely mounted and vibra- 
tion-free. Ion chambers tend to be microphonic. This should be considered if fast-response 
circuits are to be attached to the chamber. If a slow-response instrument like a galva- 
nometer is used with the chamber, this effect is relatively unimportant. If possible, the 
chamber position should be readily adjustable, as with a nut and a lead screw drive, for 
range adjustment and power calibration. 

The leads which run between high-impedance devices, such as the sensory element and 
measuring circuit, should preferably be of anti-static and anti-microphonic construction. 
Cables that provide for continuous electrical conduction between both surfaces of the 
dielectric and the metallic members” are available for this purpose. The leads should be 
mechanically protected. | 

Ion chambers are constructed with a protective shield which is to be grounded. For 
small current measurements, this shield should be insulated from the reactor structure 
and connected to the cable shield which connects to the amplifier chassis. This system 
should be connected at only one point to a building ground to eliminate ground-current 
pickup. 

The instruments selected for indicating control readings should be panel-mounted so 
that maintenance can be performed on one indicator without obstructing the operator’s 
view of the other instruments. 


CIRCUIT CONSIDERATIONS 


To all chambers and counters, a range of voltage can be applied over which very little 
change in current or counting rate, as the case may be, will occur. The range of voltage 
is called the “plateau” region. This range is determined experimentally, and a voltage 
value in this range is selected as the “operating voltage.” This plateau makes an ion 
chamber appear electrically as a constant-current source for circuit considerations. The 
dynamic resistance (AE/Al) along the plateau usually ranges from 10° ohms at 100 x 107° 
amp to 2 x 10° ohms at 10° amp. It is highest at the upper plateau voltages. 
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Chamber capacity is normally small compared to that of the leads between the chamber 
and measuring instrument. For fast chamber response, locate = preampiiicrs as close to 
the chamber as practical. 

Ion collection time may effectively increase the time constant of the chamber and its 
associated circuits. This effect can be eliminated by using electrode voltages which are 
near the upper range of the plateau region. This collection time is affected by the type of 
gas used to fill the chamber.**?-“ 

For very low nv measurement, proportional counters are used, and associated circuits 
are designed to discard pulses of low magnitude resulting from gamma radiation. In prin- 
ciple, this makes the assembly sensitive only to neutrons because pulses from single gam- 
mas are low valued. The neutron sensitivity in counts per second per nv is reduced when 
counter assemblies are used in a gamma field near the limit value of 10? r/hr. Fission 
counters have a very high current pulse owing to fissions and are useful for discrimination 
against gamma up to 10° r/hr. 


INSTRUMENT CHANNELS 


GAS-FILLED COUNTER CHANNELS 


The type of indicating and recording instrument used with a radiation counter is depend- 
ent upon the nature of the counting problem involved. Figure 7.4.28 illustrates some of the 
possible arrangements of electronic equipment used to indicate and record the output sig- 
nal from a radiation counter. The figure shows various counting “channels” which are 
formed by combining elements represented by blocks. The following paragraphs discuss 
each element or block in the order in which it appears, beginning with the simplest channel 
shown at the top of Fig. 7.4.28. 


AMPLIFIERS 


The output signal of a radiation counter tube appears in the form of voltage pulses which 
are variable in magnitude and random with respect to time. The pulses are not of suffici- 
ent magnitude to operate indicating and recording instruments directly, and amplification 
is necessary. The characteristics of the amplifier are varied to suit the particular meas- 
urement problem involved. Pulse amplifiers, as applied to radiation counting problems, 
are treated along with typical practical circuits in references (41), pp 124-170, and in 
reference (42), pp 185-192. Figure 7.4.29 shows typical pre-amplifiers and Fig. 7.4.30, a 
typical linear amplifier, both of which are used with counters for a reactor instrumentation 
system. The linear amplifier is designed to amplify small pulses from an ionization cham- 
ber, proportional counter, or similar device to a level where the pulses can be seen on an 
oscilloscope or counted with a scaler. The amplifier is provided with a bandwidth switch 
to permit fast counting of large signals or somewhat slower counting of small signals. Up 
to 160,000 counts/sec can be amplified with medium bandwidth operation. One-hundred- 
volt pulses are obtained at the amplifier output. Further information is obtained in refer- 
ence (43). 


COUNTER CIRCUITS 


Pulse heights within a certain range are identified with a particular type of radiation. 
The counter channel is made selective by discriminating against pulse heights not associ- 
ated with a particular radiation. The pulse amplifier is modified to provide discrimination 
either by allowing it to saturate or by adding a discriminator circuit to pass pulses within 
a certain range of magnitude. Amplitude discriminators are discussed in reference (41), 
pp 202-206. 

A scaler is used to count and indicate the number of pulses. Mechanical registers are 
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Fig. 7.4.29-——Pulse Preamplifier. Redrawn from W. H. Jordan and P. R. Bell, 
Instructions For Use of A-1 Amplifier and Preamplifier, Mon.-P 323, Jan. 1949. 
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slow and are preceded by electronic scaling circuits. Some scaler circuits and a descrip- 
tion of operation are presented in reference (41), pp 206-212. 


COUNTING-RATE CIRCUITS 


The desired measurement is the number of pulses occurring in a unit time. This is ob- 
tained either by counting the total number of pulses registered in a measured time interval 
or by indicating a counting rate directly. In a counting-rate meter, the pulses from the 
amplifier are used to trigger a multivibrator, the output of which consists of current pulses 
of uniform duration and magnitude but still random with respect to time and initiated by 
the trigger pulses. An R-C circuit is so arranged that each multivibrator pulse e¢auses a 
definite amount of charge to be placed on a capacitor in a time which is short compared 
with the average spacing of pulses. The charge on the capacitor leaks off through a high 
resistor, making the average potential across the capacitor proportional to the counting 
rate. A basic circuit of a counting-rate meter is presented in reference (41), p 251. Com- 
mercial units registering 100,000 counts/sec or more are available either as scalers or 
counting-rate meters. 


LOG COUNTING RATE CIRCUITS 


Pulse counters are used for reactor control to indicate three to four decades of opera- 
tion near source strength nv, especially when discriminating against high gamma-radiation. 
By including a logarithmic amplifier in the counting channel, a single meter will show sev- 
eral decades of nv change. A typical logarithmic counting-rate meter-circuit is illustrated 
in Fig. 7.4.31. The counting rate is obtained by allowing the charge of the counting-rate 
capacitor to leak off through a diode producing an average current through the diode pro- 
portional to the number of pulses per second.“ The voltage across the diode is proportion- 
al to the logarithm of the current through it and is measured by a means of vacuum tube 
voltmeter. Diode characteristics are presented in reference (44), p 41. A more complete 
description of Fig. 7.4.31 is contained in reference (44), p 62. 


PERIOD CIRCUITS 


Measurement of the reactor period is frequently desirable (for a definition see “Reactor 
Time Dependent Behavior”). A resistor-capacitor differentiating circuit placed after a 
logarithmic amplifier will provide an output signal proportional to the inverse period. 
Period circuit time response is an important control consideration. A discussion is con- 
tained in reference (45). 


GAS-FILLED IONIZATION CURRENT CHAMBER CHANNELS 


BASIC CIRCUITS 


The equipment used with an ionization current champer is designed to measure a con- 
tinuous current instead of counting discrete pulses as in counters. Figure 7.4.32 illus- 
trates some of the possible circuit arrangements or “channels” that are used with current 
ionization chambers. 

Beginning at the top of Fig. 7.4.32, the simplest circuit arrangement is a chamber oper- 
ating a sensitive relay. This channel is used in protective-circuit operation. At reactor 
power levels, a sensitive galvanometer is used to give an indication of chamber current. 
The addition of a shunt in this channel allows the galvanometer to be operated over a 
greater range of current. A galvanometer has about a 3-sec period, which is slow com- 
pared to the response obtainable with an electronic amplifier circuit. A typical feedback 
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amplifier circuit is illustrated in Fig. 7.4.33. For an amplifier of gain A and negative 
feedback, the amplifier input time constant is reduced by a factor of 1+ A. For example, 
if the chamber plus cable capacitance is as low as 100 yf, the input time constant for an 
amplifier with a 10°-ohm input resistor would be 0.1 sec, but by using a feedback amplifier 
with a gain of 100, the time constant is reduced to 0.00099 sec. Although the amplifier 
gain may be 100, the over-all circuit gain from amplifier input to amplifier output is very 
nearly unity. Another method of feedback can be employed to obtain capacitance neutrali- 
zation and thus reduce the time constant of the circuit. The chamber cannot be grounded 
for this method, and it is necessary to provide an underground power supply for the cham- 
ber. For this reason, this method presents somewhat more complex problems than those 
encountered with the circuit of Fig. 7.4.32 when considered for reactor instrument appli- 
cations. A general discussion of feedback amplifiers is contained in reference (41), p 187. 

The measurement of direct currents of 10~!! amp or less by using circuits employing 
ordinary vacuum tubes is not practicable. A number of special electrometer-tube manu- 
facturing techniques have been developed to circumvent this difficulty. With special manu- 
facture, the grid current of an electrometer tube can be reduced to 107!7 amp, which per- 
mits detection of currents of the order of 60 electrons/sec. A discussion of electrometer 
tubes is contained in reference (41), pp 180-190. 

A vibrating-reed electrometer is used to detect small ibnization chamber current. This 
type of instrument assembly is commercially available, a principal advantage being the 
use of AC amplifiers which are more stable than the DC type. 

Operation of the chamber with an alternating voltage applied to the plates is practicable.“ 
Development of a method similar to the referenced method“* may circumvent many design 
problems now encountered in the use of DC amplifiers in the nuclear-reactor control cir- 
cuits. 


LOGARITHMIC AMPLIFIER 


Several decades of reactor power-level readings can be compressed into the same meter 
by using a logarithmic diode in the amplifier input circuit. A discussion of diode charac- 
teristics is covered under “Log Counting Rate Circuits.” Figure 7.4.34 shows a logarithmic 
amplifier for use with a current ion chamber. 


PERIOD AMPLIFIER 


Reactor period (discussed under “Reactor Time Dependent Behavior”) is obtained by 
differentiating the output of the logarithmic amplifier with a resistance capacitor network. 
A typical period meter circuit is shown in Fig. 7.4.35. 


RECORDERS 


The output signal of the various counter and current channels shown in Figs. 7.4.27 and 
7.4.31 is available as a voltage proportional to the quantity being measured. A variety of 
commercial instruments which have the proper sensitivity, input impedance, and time re- 
sponse for use with nuclear reactor instrument assemblies can be obtained to record this 


signal. 


- POWER SUPPLY 


An essential auxiliary device of a radiation-detecting chamber is a source of regulated 
voltage of proper magnitude. Chamber voltage may be supplied by the use of batteries, vi- 
brator supplies, conventional 60-cycle power supplies, or radio-frequency oscillator sup- 
plies. High-voltage fluctuation is avoided by using voltage regulator tubes or a supply of 
the degenerative type. A discussion of power supplies is contained in reference (41), pp 
363-396. 
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AUTHOR’S PREFACE 


During the past decade, reactor designs have grown from the few early 
reactors to a considerable number of designs of varied component combinations 
and diverse purposes. Not only are the data for different reactors to be found 
only indifferent publications, but in some cases the gathering of information on 
any one reactor requires 4 laborious search through many documents. This 
situation demands an integrated reference in which the basic specification and 
operating characteristics of reactors can be found. The treatment need not 
and should not be exhaustive, since a requirement for detailed information can 
best be satisfied by published reports onthe individual reactors, and since the 
voluminous compilation that would result from a complete survey of the field 
would be awkward both in presentation and use. 

It is inthis spirit, then, that the reactor data compilation presented here 
was made. The preparation was governed by three constraints: brevity, omis- 
sion of any material of an educational nature, and avoidance of the use of illus- 
trations. The last constraint is unfortunate in that it places an undue burden 
upon the reader in trying to comprehend textual descriptions of complex appa- 
ratus. It is hoped that this condition will be remedied in forthcoming revisions 
to the Handbook. 

In general, the compilation of data in this section covers the Project 
literature up to February 1953. 
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CHAPTER 8.1 


Introduction 


In the following chapters, brief descriptions of a number of reactors are presented. The 
basic criterion for the inclusion of a reactor was that it should be in operation, under con- 
struction, or have reached an advanced stage of design. This criterion was necessarily 
tempered by additional conditions. For example, it was necessary to omit certain foreign 
reactors, which either have been or are being built, because detailed information regard- 
ing these reactors was lacking. In general, design-study reactors were considered quali- 
fied for this category if sufficient information were available to indicate most of the tabu- 
lated parameters and characteristics. Finally, reactors in a design-study stage that had 
unique features (such as the helium-cooled, Daniels Power Pile, or the North American 
homogeneous, graphite reactor) were favored for inclusion, whereas design-study reactors 
which were quite similar to existing or designed reactors were usually omitted. A more 
complete listing of reactor designs is presented in Table 8.1.1., a quick reference re- 
actor chart. The references listed do not necessarily contain the most recent information 
on the reactors but are rather the most complete single references available—in most 
cases a feasibility report. 

For convenience in presentation of the design compilations, the reactors are separated 
into two major groups, heterogeneous and homogeneous. The classification of Clementine 
and the EBR as heterogeneous was rather arbitrary. In these two major groups, the re- 
actors are sub-divided according to moderator, each moderator group comprising one 
chapter. The description of each reactor consists of a tabular presentation followed by a 
descriptive text. 

In general, the data for each reactor have been taken directly from reports of the re- 
sponsible organizations. Blank spaces in the tables imply that the omitted information 
was not available. Some easily calculable items, such as fuel inventory and average pow- 
er parameters, have been calculated when explicit values were not given. The numerical 
values for the parameters listed under physics are direct reproductions of the published 
values without heed to possible variations in the manner in which the data were calculated 
or measured. These data, for the most part, are to be found in the listed references, al- 
though an occasional item was taken from other reports. 

The tabulation of “CAPITAL INVESTMENT” was done on the basis of a complete charge 
for the reactor, reactor building, heat removal system, administration buildings, site 
development, and all other charges common to reactors in general. No charge was in- 
cluded for fuel, heavy water, or facilities indirectly associated with the reactor, such as 
hot laboratories, separations facilities, and power conversion equipment. The investments 
were all corrected to 1951 costs. 

The descriptive texts were made as brief as possible while retaining sufficient detail to 
afford a complete portrayal of the reactor systems. The details which are likely to be of 
the most interest are stressed, and subjects such as corrosion, heat transfer, and control 
are not discussed from a general viewpoint. 
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CHAPTER 8.2 


Graphite-moderated Heterogeneous Reactors 


CHICAGO PILE NO. 1 (CP-1) 


The graphite structure was made chiefly of 4'4- by 4'4-in. blocks (with some 4- by 4-in.) 
of various lengths. These were stacked in a crisscross fashion with a wooden support 
structure to approximate a sphere. The actual shape was approximately a flattened ellip- 
soid of revolution (24 ft across by 19 ft high) since criticality was reached with a smaller 
structure than had been anticipated. The fuel elements were fabricated in five forms: 


(1) Uranium metal in 2',-in.-diameter by 2'4-in.-long cylinders. 

(2) UO, in 3!4-in. -diameter by 3'/-in.-long cylinders with edges beveled at 45° to simu- 
late spheres. 

(3) UO, in 3-in.-diameter by 3-in.-long cylinders. 

(4) and (5) U,O, in the same forms as (2) and (3). 


A total of 19,480 fuel elements, predominantly of form (2), were contained in recesses 
bored in some of the graphite blocks on either 8'/-in. or 8-in. center-to-center spacings. 
In stacking, filler blocks containing no fuel were interspersed between fuel-bearing blocks 
to effect a cubical lattice array. The types of graphite used from the center outward were 
AGOT, Speer, and AGX. 

One side of the reactor was supported on a graphite pier rather than on the wooden struc- 
ture to make sure that a stable structure would be available for inserting the control rods. 
Ten slots were provided through the pier, three of which were for safety, shim, and regu- 
lator rods. In addition, a removable stringer traversed the reactor parallel to the slots. 
The safety and shim rods were scrammed by a weight-and-pulley system which pulled them 
through the reactor. 

Uranium metal was cast in finished cylindrical form without cladding. Uranium oxide 
elements were formed by compressing loose, dry uranium oxide powder in a die with a hy- 
draulic press at a pressure of 35,000 to 45,000 psi. The die was lubricated with a dilute 
solytion of stearic acid in acetone with a small amount of ethylene glycol as a wetting agent. 


CHICAGO PILE NO. 2 (CP-2) 


The graphite structure is a 22- by 20- by 19-ft rectangular stack constructed chiefly of 
4'%- by 4'4-in. blocks (with some 4 by 4 in.) of various lengths laid horizontally in a criss- 
cross fashion. About 17,700 fuel elements are contained in recesses bored in some of the 
blocks on either 8'4- or 8-in. center-to-center spacings. The fuel elements are fabricated 
in three forms: 

(1) Uranium metal in 2!/-in.-diameter by 2'4-in.-long cylinders. 

(2) UO, in 3'/-in. -diameter by 3'4-in.-long cylinders with edges beveled at 45° to simu- 
late a sphere. 

(3) U,O, in the same form as (2). 
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CHAP. 8.2 REACTOR DESIGNS 


The graphite was stacked in such manner that the blocks containing fuel were separated 
by filler blocks containing no fuel, yielding a cubical lattice array. The types of graphite 
used from the center of the reactor outward are AGOT, Speer, and AGX. 

Three control (shim and regulator) rods enter the reactor horizontally, parallel to the 
long dimension, spaced at 7 ft 11 in. in a horizontal line slightly above center. The re- 
movable core and stringers extend through the reactor in the same direction. Three safety 
rods are inserted horizontally into the left side of the reactor (facing the side that the shim 
and regulator rods enter), centrally spaced on a horizontal line. These are scrammed by 
gravity through systems of weights and pulleys that pull the rods through the reactor. The 
thermal column is built on top of the reactor and extends through the upper shield. 


SHIELDING 


The sides of the reactor are shielded by 5 ft of ordinary concrete. The top shield con- 
sists of 6 in. of lead plus 39° in. of wood. At higher power levels, the reactor room is not 
occupied. The openings required in the shield are plugged with concrete blocks. A special 
laboratory enclosure has been constructed around the thermal column. 


REACTOR ATMOSPHERE 


A low-capacity ventilating system has been installed for removing the radioactive gases. 
This unit draws about 100 cfm of air into the reactor around safety-rod, control-rod, and 
removable-stringer openings and exhausts it through a stack via a duct and filter bank near 
the top of the upper shield. 


FUEL PREPARATION 


The uranium metal was cast in finished cylinders without cladding. The uranium oxide 
elements were formed by compressing loose, dry uranium oxide powder in a die with a hy- 
draulic press at a pressure of 35,000 to 45,000 psi. The die was lubricated with a dilute 
solution of stearic acid in acetone with a small amount of ethylene glycol as a wetting agent. 


ORNL GRAPHITE REACTOR (X-10) 


The 24- by 24- by 24'4-ft graphite structure is constructed of layers of 4- by 4-in. blocks 
of lengths up to 4 ft laid on a concrete foundation. The blocks are oriented with parallel 
horizontal axes except for occasional transverse stringers, and the whole structure is keyed 
for stability. The graphite used, in order of quality, is AGOT, AGNT, and AGX. In the 73 
courses of blocks, 1°/,-in.-square fuel channels (formed by V cuts in adjoining blocks) are 
provided in the even-numbered layers. There are 1247 standard fuel channels in 35 hori- 
zontal rows of 35 channels each, plus a centered 23-channel row at the top. One of the 
central channels is oversize to accommodate uranium doughnuts. An axial core is com- 
pletely removable from the discharge face of the reactor. This contains eight standard fuel 
channels, the oversized doughnut channel, four circular-cross-section experimental chan- 
nels, and an axial foil slot. Shim rods enter the right side of the reactor (looking at the 
charging face) in a centered, 4-ft-square array. Regulator rods enter the same face on the 
vertical center line, centrally spaced at 9 ft 6 in. Safety rods are suspended in the upper 
shield in an 8-ft 4-in. by 4-ft 8-in. rectangular array and drop by gravity into the reactor. 
The vertical boron-steel shot wells are approximately in the transverse central plane, 8 ft 
8 in. apart. The experimental holes and foil slots extend transversely through the reactor 
except for the central-plane foil slots, which are obstructed by the removable-core section. 


994 


CHAP. 8.2 


GRAPHITE-MODERATED HETEROGENEOUS REACTORS 


poeyeunsg” °e 
OS6T ‘ST aung ‘3a159g — 
dd 601 ‘09-"ING ‘Te 39 ‘HOTIAIYD “Ff 
‘A10j8a00e usaAPyXooIg 


PNIS TedjaIOAYL Pye [ejUsutisadxy uy 
IS61 ‘3e29ag ‘dd LGF 

‘eG-AI-SANN ‘3820 ‘ry S2OTAL|ag uoTJeULIO 
TeomysayL OAV ‘SaTtd uoTIonporg wuntuein asyydeiph °° ° SHONAUAAA 
yuey 8ut3s9} [etra}eUI YINq 10 uUINT[OD 

[EUWIIY} [VUCTIIPpe ayepourw08d9e 0} 

Bn{d 29109 paT[ty 193eM a[CeUTeIp - | 

UUINTOS [eUIIaYI II G XG - | 

umnuatd ire a8reyostp Our 

sa[oy [ewuswtI3edxa puke uoTJeAIasqoO - g 


‘platys doj ur sfauuny [euryue ‘ur py] x Z/T 7T - 2 


safoy TejuauItzsedxs Ij PZ X “UL HX F - OT 
aToy ynuysnop [exe yy ~2 x “UT ZE/ST ZX B/TE- I 
salou [eJUsUITIadxa [eIxe IJ PZ X “VIP “Ul PEO'T - F 
93018 [10 TT x “Ure/Ex P/E 7-9 
$}0[8 [103 13 FZ X “UT B/EXP/EZ-L 
AIOD [VIXB a[QeAOWIa. YJ HZ X “Ul HZ X OZ ° ' SaILIMIOVS TWLNAWNIUAdXA 
(33em)(D98)(4UID)/U COT XPT TTT * aBeraae 
(39em) (998 )(2uI9)/4 25 x x3 € se es ee ees 8 8 UINUUIXeUL S[TBUIay]L 
e e e e e e *,e,° ® e e e e e e e e e eT 
ALISNAG XNTA NOULNAIN 
POT Co (te94d43)(pauostod pure jou) 3394 
QU4/g-0T X 8°L- eee e © © @ © © © @ @ ee * * (aanssaid) 4 Q 
es co ee ee ee ee ee ee 8 oe ee (reordhy)(suostod) 
eD/c-OI Xx 98° aa ee. 2 a oes (T2n5 anc ayyde1z8)(ainzeradura}) } 
120*t °° ee et eee * (Teo ¥dA3)(PTOS pue uea[>) JJ94 
FOO, BEE Se ee * * * (pjoo pue ueats) My 
228 ¢-O1 XT anody: eo ee eee ee ee 8 8 * GUTTasIT UOIZNeU ydUIOIdg 
7-49 9-01 x Z6 ° ese ¢ © *(Tezuautsadxa)(plod pue uva[d) Burpyong 
gute 98€ e e e e e e e e e e e e e e e e Tetpez 
72> 86€ a a ee ee ee ee 2 2 er er [etxe {(pfoo pue uva[s) aBy 
guo2z62 °° "77 see (pto> pue uvs[d) pazenbs yzBual uorsnjsstq 
o6s'o °° se cec ere ee 8 8 & & (pros pue UBITD) UOTIEZTIIIGN [eUIIy]L 
9gss‘o ° vs cette ee 8 8 8 & (plod pus uray) adeosa aouPeu0say 
WOH IT os TTT eee ee ee 8 8 BNIped T19D 
SOISAHd 
jeued ojut doip s8njg °° eo mo tt te ttt tt tt 8 8 & BuBseyosiq 
s8n[s jo y8nory) ysnd yyusteays ‘BSurBzeyos pueyy °° * ° * * * BurBsreyo 
ONITAONVH TANns 
6se0‘0 “oo eff tt 8 8 8 8 * (Burpeoy pPoT 22eT) BdueYyo ArATIeAY 
JOYS [99YB-uUoOIOg “Ul g/_E AOJ 
Saqn} TRIVIA “UTZ IF LIX “VIP “ULH/E T - 2 
SPpOl [99}8-UOIOg [VIAZA RJ OX "VIP “UIZ/TI-F °° * fe? * Ayayes 
SpOl [99}8-UoI0g [eJUOZTIAOY 33 61 X “UT P/E TXP/ET-2°° 10Je[NBayY 
SpOl [39}8-uUoIOG [BUOZIIOY 33 61 X “UT P/E TXP/ET-F * °° * UTES 
S'TIOULNOD 
du 008 a er er ee Pe 2 er | *paztnbaaz zamod Burduing 
UCL GT QOS ke Se eae AER I ae ee ajeir Burduing 
O°H JO "UT GZ°6T °° ° °° * * 1039802 YBNoIY, do1ip ainssaad juelooy 
ataydsoumrm-qng °*° ses eee eee ee ee 8 & eaanssaid yUuBlOOyD 


ee ee e ee @ e @ @© @ © © @© © © © © © © e@© © © @ © © © @ A{IDOTIA We[OO4 
cf P6T ee eeee e 8 @ © @ ee © @ @ © © @ @ aanjerodurs} JaTINO Jue[oOOyS 
TelL °° 72 ee Fr Hee sees ee 6 6 © oyngeraduray JaTUT JURTOOD 
To26Z “°C TT TT TT Th 8 8 8 aanjeraduzai 10;eLapour wINWIxeyy 
TEL? eeee#e# eee ee «© 8 @ @® © @ @ © aanjer1sdura} y3eoys UINULIXeWY 
1.099 Ce ee ee ee ee | ganjeradura} [any UINUITX BW 
eS2 By / my Tul ee«ee eff © © © @© © © © © @ aBexrasae 

eSZB8u/mue pz oo ooo ct 8 8 8 8 umurrxeur :ramod o1stoadg 
1/4 6°T eee ee e © © © © © © © © © © © @ aBexzsae 

T/*4 PP oo eee eee e @ @ © @ @ @© @ @ @ WINUITX BUT :Ayrsuap IgMOg 


e (24)(33 bs) /N La OO€CE eo eee ee eee © © © «© @ aBeradae 


@ (24) (33 be)/nigooe. “ft te Uanurexeur “xn JeeH 
aula pul ee SS RS OSS lS: RAR BR SS ee MO DOW 


6° 0 eee eee e © e© © ®© © © © @ @ © © © © @ © © © © © @ @ @ © @ aseuul 
oOo °c rsr ese ree ee ee ee ee ee 6 8 8 * gndyno ramod [njasn 
MY Oos¢e eo e©e ee e@ e@ © @ @ @ @ @ @ © @® @# @ @ © @ @ @ zr12a2mod JeoYU TROL 


(te9td43) SNOILIGNDO ONILVUAd»D 
SIBZMOTQ [eBnjstz3UI5 


utul/QT OOCE - 2 

(Aq-puwjys) uey uaatip 

Ulea}s utul /QT SLz a Tv SR RR AS hs RS Re A RS 8 ALO OE SS OB TUMOTT 

Pe I39IITT eo ee e ee ee © ee ee ee ee 8 8 © BU ZUEIIBS Z} quejlooy 
y8no1uy 29uO Laity eee ef © © © © © © © © © © © © © © © © © © Oe adAy 

WaALSAS DONITOOD 

ayIUTyo puy © eee © © © © © © © © © © © © © © © 8 QUIT} atoAo ase1vay 
azIUTy2 pu] «ee ef © © © © © © © © @ © © © @© @© 8 @ © © © © © © @ dn-uing 
Aep /sur8 6°? ynoqy eee © © © © © © © © © © © © © 8 hl uotduinsuo0y 
(teotdA3) By CPE ‘copM TCC tt tt Tetrajeur atqeuorssr 7 


TWH LVN DIOALVULS 
WSEXBEXLR CoC ee ee ee ee ee oe Te T—IAO 
93919U09 aytpAeYy 
-saz{req yous g ‘(yo3td yWtM payoordz3ajeMm) 
S{[em BSututrezaz a3axrdu0d Areutipio yowyz° es ett ft 8 8 8 8 8 pparysg 
Sutpeot uodn spuadag *** et st ht tte te ee 8 8 ZORDTTIIY 
(r0ojdaTza2 Burpnpour) ye e/T pZexHZX PZ "CTT Tt 8 f BAOH 

SNOISNAUWIG 


Aerize arenbs ‘ut g ur sporl ‘eipury~ tT “°° °° 8 °° * FdAL FOILLVT 
yo3rd Butyoordzajem snid 


‘ajyar5u0) aytpAey-sazyAreq pue AreutpsoO i i el °C) 6 
Ity ee © © © © © © © © © © © © © © ss es * * gzaydsourje 10;58ayY 
ayrydery eee © © © © © © © © © © © © © © © © © © © jetzazeur TeznzINn313g 
pare, oo te ee ee ee ee ee  ererrazeU ate 
Wy Pete ee ee ee ee ee ee ee ee ee ee ee ee QURTOOD 
suo} NtzJoUr G°7Z719 f‘aityderyH °° - °° * * * = (L025aTJaI pues) LOJBeIIZpPOW 
deo pus “ut Q90'0 ‘ITem ‘ur s¢eo'o ‘wnurunty © °° °° Butppe[> Teng 
(teordA3) suo, dt1JaUL €g°,F ‘UINTUBIN TeINjeN * °° 8 8 8 8 8 8 * Tang 
STVIUALVYN 
Srl ‘ “AON 2outs uot}ezr3do ul e eee ee e@ © © © © @ eo ew ew © ew Oe SNLVLS 
uotzonpoid adojostorpex pue yozvesay °° es oe tt 8h 8 8 8 8 TSOdUNnd 
TNO. oS ee eee) SS Re Re Oe ee GIB LIAO 
wogng “tc tt ttt ee ee ee ee ee ee ee © HYOM ONIISU0D 
ywogng “°c st tt ttt te ee ee eh we ew ww oo 8 8 + UBIsaG 


SNOILVZINVOUO ATAISNOdSAY 
sassauusy ‘aspry XeO 


Aroyerogey [euotjen e8pryyxeoO’ ee sc 8 8 8 ee NOILYOOT 


(OT-X) 10,0v9Yy 9z1YdeIH "INNO— §°Z’S 2IqBL 


995 


CHAP. 8.2 REACTOR DESIGNS 


The experimental holes are on 2-ft 8-in. spacings in two rows 5 ft 6 in. apart. The foil 
slots are arrayed in a 6-ft-square array of three rows. A thermal column centered on the 
top of the reactor extends through the shield, expanding upward stepwise from a 5-ft square 
to a 6-ft 7!4-in. square. 


SHIE LDING 


The vertical faces of the reactor are shielded by 5 ft of barytes-haydite concrete con- 
tained between two 1-ft ordinary-concrete retaining walls internally waterproofed with 
pitch. The top shield, separated by 10 in. from the top of the reactor, is self-supporting 
with 114 ft of ordinary reinforced concrete (waterproofed) plus 5 ft of barytes-haydite con- 
crete, covered with tf ft of ordinary concrete. The side shields are separated from the 
reactor surface by 1-in. asbestos-rope packings. The 10-in. space at the top of the reactor 
is blocked by a lead- and neoprene -covered steel H beam. A 3-ft air plenum chamber is 
provided between the shield and reactor at the charging face. This is bridged by slotted 
1!,-in. galvanized pipe for the fuel channels. The discharge face is provided with a 6-ft 
plenum chamber. The concrete of the shield at the back of the discharge plenum chamber 
is protected from the high-temperature air by a 2-in. insulating layer of cellamite, sepa- 
rated from the concrete by a 4-in. space through which cool air is circulated (comprising 
about 1 percent of the total air flow). The access holes through the shield for the fuel 
channels are shielded by two-step plugs of galvanized-iron pipe filled with lead shot and 
paraffin, with a 1-ft maple rod at the inner end of the plug. A two-step concrete -filled 
steel plug, stepped down to a smaller 1-ft maple extension at the inner end, offers access 
to the removable central core from the charging face. The core is removed through a 
drainable, water-filled, stepped tank plug at the discharge face. Experimental, observation, 
ionization-chambér, and foil-slot openings are shielded by graphite plus masonite-steel 
plugs. Three 4-in.-thick lead gates 6 ft 414 in. apart are provided in each of the animal 
tunnels. There are 35 openings in the top shield above the discharge face for inserting an 
air-sampling device. These holes are shielded by plugs similar to the fuel-channel plugs. 
The control and safety rods cannot be completely removed from the shield, and the tips of 
the rods act as shield plugs for the openings. The upper thermal column is shielded by a 
cadmium sheet, 18 in. of concrete, and 4 in. of lead in that order upward. The discharge 
cooling air is shielded by 2 ft of concrete, and both inlet and outlet air channels make sev- 
eral 90° bends. 


FUEL HANDLING 


The fuel elements are 1.1-in.-diameter by 4-in.-long cylinders bonded with Al-Si to 
aluminum cans. Fuel slugs are inserted into the fuel channels and pushed manually into 
position by means of a steel rod. Spent slugs are forced out of the channels at the discharge 
face by the new slugs and drop to 45°-inclined planes (padded with neoprene rubber and 
canvas) which lead to a discharge chute and a deep water pit (19 ft 9 in. of water). The 
lower end of the discharge chute is movable, to facilitate sorting of the spent slugs into 
stainless-steel buckets. A 10-ft-deep canal from the deep pit communicates with a hot 
laboratory and the separations building. 


COOLING SYSTEM 


Cooling is effected by air drawn from the atmosphere through an inlet filter, the reactor, 
a venturi constriction, and the exit filter; after passing through the blowers, the air is ex- 
hausted through a 200-ft stack. The inlet filter consists of American Air Filter Company 
Air Mat Type PL-24 filter units loaded with °4,-in. Type G Air Mat Filters giving a total 
area of 1592 sq ft. After going through the venturi section, the air passes through the exit 
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filter [14 in. of FG No. 50 filter mediums, backed up with '4 in. of FG No. 25 followed by a 
bank of CWS No. 6 (AEC-1) paper filters]. 


BROOKHAVEN GRAPHITE RESEARCH REACTOR (BGRR) 


The graphite form of the Brookhaven reactor is that of a 25-ft cube separated into halves 
by a vertical gap, which may be varied from 2'/ to 3'/ in. Cooling air is introduced into 
this gap and flows out in both directions through the fuel channels, which are perpendicular 
to the gap. The graphite cube is made of 75 courses of 4- by 4-in. blocks of various lengths 
up to 45 in. AGOT, AGHT, CSO, and CSN graphites were used. With the exception of the 
blocks around control-rod and experimental openings, the block axes are parallel to the 
fuel channels. For stability, all joints are staggered, and the structure is keyed. Stagger- 
ing of longitudinal joints was accomplished by making the outside blocks in the even-num- 
bered layers 6 in. wide. The gap surfaces are divided into eight triangular portions by di- 
viding the square faces into quadrants and then dividing these with the main diagonals. 
Alternate triangular portions are offset 2°/, in., with the raised portions on opposite sides 
of the gap alternating so that the two surfaces would interlock if brought together. To re- 
duce coolant-pressure drop, the gap edges and the fuel-channel openings are flared and 
rounded. The reactor rests on the upper of two 3-in. steel bedplates, divided at the gap. 
The upper plate is separated from the lower by runners, and the half of the reactor opposite 
the charging face is arranged so that it can be moved to vary the gap width. 

There are 1369 fuel channels in a 37- by 37-channel square, with the central one optional. 
The channels are formed by cutting semicircular-cross-section grooves in adjacent blocks 
and are 2.67 in. in diameter. The channels are on 8-in. ‘centers in a square array. Each 
channel in each half of the reactor is provided with an annular groove to accommodate 
anchoring projections on the fuel elements. The fuel elements consist of 1.1-in.-diameter 
by 4-in. metal slugs encased in an 11-ft aluminum tubing provided with six longitudinal 
cooling fins. 

The control rods enter the two discharge-face corners of the cube. The axes are hori- 
zontal, on 4-ft spacing, and parallel to the diagonal planes of the cube. Eight rods are in- 
serted at each of the two corners in a 2- by 4-rod centered column. Two of the rods are 
used for control and are powered by induction motors. Each of the 14 emergency rods is 
powered by an electric-motor-driven hydraulic pump which in turn drives a hydraulic 
motor geared to the rod rack-drive pinion through a speed reducer. The electric motors 
also drive flywheels which store energy for emergency shutdown. The experimental holes 
traverse the reactor perpendicular to the fuel channels. In general, the holes are in a rec- 
tangular array of five rows, six holes to a row. The spacing in the rows is about 3 ft, and 
the spacing of rows is 4 ft. The array is centered horizontally but is slightly below center 
vertically. The holes in the middle row are displaced away from the central gap to accom- 
modate an additional opening through the shield into the central gap. The middle row of 
experimental holes may or may not be blocked by the 12- by 12-in. removable axial core. 
The second hole from the charging face in the second row from the top is replaced by a 
sample conveyor system which consists of an endless chain of sample holders contained in 
two hollowed-out stringers separated by a 4-in. filler stringer. This endless chain is ac- 
cessible through openings in the shield and is driven by an electrical mechanism located in 
the shield. Eleven pneumatic tubes parallel to the fuel channels are located in the half of 
the reactor opposite the charging face, and the other half of the reactor contains 30 inter- 
cell fuel channels. Two tunnels, one for animals and one for instruments, extend under the 
reactor perpendicular to the fuel channels to openings in the foundation for direct exposure. 
Each half of the reactor is provided with a vertical shot well that may be used for experi- 
mental purposes or for an additional safety device using boron-steel shot. 
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GRAPHITE-MODERATED HETEROGENEOUS REACTORS CHAP. 8.2 


SHIELDING 


The shielding consists of 4') ft of limonite, heavy-aggregate-concrete poured into forms 
made of 3-in. steel plate, with fuel-channel rifle barrels and sleeves for experimental 
holes welded in place. A 14-ft exhaust plenum is provided at the charging face, and a 6-ft 
exhaust plenum is provided at the opposite face. These are enclosed with large steel bel- 
lows for air seals. The shields on these faces are honeycombed with rifle barrels for fuel 
handling at the charging face and for push rods on the opposite face. An additional 3 in. of 
steel plate is used around the graphite to effect a total thermal shield of 6 in. This is sup- 
plemented with a 12- by 20-in. steel band encircling the reactor at the central gap. The 
concrete is shielded from the hot exhaust air in the plenum by a 4'4-in. insulating layer of 
corrugated aluminum sheets, separated from the shield by a 214 -in. gap through which 
secondary cooling air is circulated. A similar insulation is provided in the exhaust ducts, 
which are shielded with heavy concrete as far as the outlet filters. A space of 12 to 15 in. 
is provided on the sides, top, and bottom of the reactor between the graphite and the shield 
for air flow from the inlet chambers near the ends of the pile to the central gap. The 
graphite is sealed by a '/4-in. steel or '4-in. aluminum casing with metal bellows for the 
experimental openings. On the top face of the reactor, a 20- by 20-ft portion of the shield 
is made of interlocking stepped plugs which can be removed for experimental purposes. 
The top shield also has three rows of openings, two over the large plenum and one over the 
small plenum, which are used for scanning and for remote-grappling equipment during 
charging operations. All the reactor openings have stepped shield plugs of steel, graphite, 
and heavy-concrete combinations. The discharged slugs are dropped into a 4- by 13-ft- 
cross-section chute which leads down from the large plenum to a 13- by 13- by 20-ft-deep 
well. This has a 52-ft-long, 5-ft-deep canal for storage purposes which will be extended 
to the hot laboratory. The concrete walls of the canal are 18 in. thick and provided with 
three gate dams for isolation of contamination. 


FUEL HANDLING 


Fuel elements are removed from the reactor by placing a trough across the large plenum 
at the appropriate position. After removing the orificing and tube-retaining device from the 
opening, the helium tube is pinched off, and the element is withdrawn into the trough. From 
this position, it is picked up by two pneumatically operated grappling hooks lowered through 
the scanning openings in the top shield on cables. By means of push rods and hooks manip- 
ulated through openings at the sides, the element is positioned over the discharge chute and 
lowered into the deep well. 


Fuel is placed into the reactor by bridging the large plenum gap with a trough as in dis- 
charging. An electrician’s fishline is then inserted into the helium-tube conduit, which 
guides it into the fuel channel. The fishline is pushed through and connected to the helium 
tube on the element, and then the whole assembly is pulled and pushed into position. 


COOLING SYSTEM 


The cooling air is drawn through inlet filters to chambers encircling the ends of the re- 
actors; past the lateral fates of the reactor to the control gap; into the gap and back to the 
ends of the reactor through the fuel channels; into the air plenums and down into discharge 
ducts that exit from the plenum floors; and through the exit filters, heat exchangers, and 
venturi constrictions. The two discharge ducts are then joined into a single manifold from 
which the fans in parallel exhaust the air through a silencer and a 320-ft (above grade) 
stack. 
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CHAP. 8.2 REACTOR DESIGNS 


The air velocity in the gap averages about 200 ft/sec with a peak of about 250 ft/sec. The 
velocity in the fuel channels ranges from 160 to 275 ft/sec. Individual channels are orificed 
by slabs of various thicknesses which are clamped into the tapered outlet end of the chan- 
nels. The fuel elements are also locked in position by these devices. Unloaded channels 
are blocked with graphite plugs to prevent unnecessary loading of the cooling system. 

The inlet filter is a 53- by 8-ft bank of V filters, using a low-pressure-drop, bonded- 
glass filter medium. The outlet filters are banks of glass-tex cloth filters in the 13- by 
19-ft outlet ducts. The air is cooled by passing it over helically finned copper tubes in a 
19-ft by 11-ft by 20-in.-deep bank using 5300 gal of water per minute discharged at about 


120°F. This water is circulated in a closed system and cooled to about 85°F in an induced- 
draft cooling tower. 
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CHAPTER 8.3 
Beryllium-oxide-moderated Heterogeneous Reactors 


DANIELS POWER PILE, NO. III (DPP) 


This reactor represents a design study only, and no further development is anticipated. 
It consists of beryllium oxide bricks assembled as a right circular cylinder (72 in. di- 
ameter by 76 in. high). The bricks are fabricated as right hexagonal cylinders with 2-in. 
axial holes by hot pressing or by cold pressing followed by ceramic firing. The bricks are 
stacked with their axes vertical to form 517 continuous vertical channels. The horizontal 
joints between bricks of any one channel are staggered vertically by 2 in. relative to those 
of the adjacent channels. The vertical channels may be charged with fuel elements, re- 
flector slugs, or fertile material. 

Steel blocks are shaped to fit the irregular brick contour and form a cylinder. They con- 
sist of circular segments 1 ft long with an average width of 5 in. A 1-in.-thick steel re- 
taining shell surrounds these forming blocks. Clearances of '/, in. at the bottom and 3, in. 
at the top are provided to allow for thermal expansion. The reactor is encased in a steel 
vessel, 8 ft OD, 14 in. thick, 22 '% ft in over-all length, and provided with elliptical heads. 

A 6-in. steel plate serves as a base for the moderator-reflector bricks. This plate, in 
turn, is supported on pads mounted on the pressure shell. Holes are located in the plate 
to correspond to those in the brick assembly. These holes taper outward from a 2-in. di- 
ameter at the interface and are surrounded by an annular groove to engage the latch mech- 
anism used to support the column of removable elements placed in the vertical channel. 
Weight is added to the. top of the bricks (1) to resist the pressure drop across the reactor 
which tends to lift the bricks and (2) to retain the removable elements in the channels. 

The weight consists of cast-steel blocks 10 in. thick, each of which covers 7 vertical chan- 
nels. 

Each column of elements is held against the top weight by means of a replaceable spring 
element charged into the channel along with the fuel, reflector, or fertile elements. The 
retainer shell allows for a 34-in. space above the top weights to serve as the coolant out- 
let plenum. The support plate serves as the bottom of the retaining shell, and a space is 
left between this and the bottom of the pressure shell to accommodate the loading machine. 
The gas inlet plenum consists of a space between the top of the retaining shell and the pres- 
sure shell. 

The control rods are supported above the core in a vertical position, the most reactive 
position being with the rods at the top of their travel. The regulating rod enters the cen- 
tral channel of the core; the shim rods are installed in a 21-in.-diameter concentric cir- 
cle; and the safety rods are installed in a 57-in.-diameter concentric circle. The control 
rods are powered by electric motors, and the safety rods scram by gravity. The rods are 
cooled by helium. 
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BERYLLIUM-OXIDE-MODERATED HETEROGENEOUS REACTORS CHAP. 8.3 


FUEL HANDLING 


The fuel elements are fabricated in the form of honeycomb structures 5 in. long. These 
are charged into the reactor by means of a double-pivoted tube, the end of which may be 
positioned remotely at any fuel channel. A ram pushes the column of slugs from the 
charging tube into the fuel channel where a latch mechanism in the base plate supports 
the column. The slugs are introduced into the charging tube by means of a gas lock. 

The elements are removed from the reactor by pushing the latch mechanism base about 
1 in. into the taper of the matrix support plate against the compression of the support 
spring. This depresses and retains the latch, allowing the column of elements to be low- 
ered into the charging tube by the ram. 


COOLING SYSTEM 


Helium enters the pressure shell through two 18-in.-diameter ducts located at the top 
of the shell. Most of the gas is directed by a baffle plate to the central portion of the top 
plate assembly. It then flows outward and down the annular passage between the retaining 
and pressure shells and into the space around the loading machine. From this lower ple- 
num it flows upward through the reactor channels to the discharge plenum where it enters 
the two outgoing ducts. The two high-temperature ducts connect to duplicate boilers, the 
discharges from which connect to a common header. The four blowers in parallel draw 
the helium from this duct and discharge to another common header from which the two 
low-temperature ducts return it to the reactor. The high-temperature ducts are double- 
walled and cooled by helium circulated in. the annulus. 


POWER CONVERSION 


Steam is conducted from the boilers at the rate of 20,500 lb/hr to a common header at 
450 psig and 725°F. From this common header, steam is fed to the 1800-kw turbine- 
generator, the 300-kw turbine-generator, and two emergency steam condensers which 
will dispose of the total output of the boilers. The exhaust steam from the main turbine- 
generator is condensed in a 3800-sq-ft surface condenser. The cooling water system is a 
closed system containing a 14,000-gpm forced-draft cooling tower. 
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CHAPTER 8.4 


Light-water-moderated Heterogeneous Reactors 


MATERIALS TESTING REACTOR (MTR) 


The active part of the reactor consists of closely packed vertical-plate assemblies, the 
individual plates being made of aluminum-clad uranium-aluminum alloy. The plates are 
spaced to allow water flow between them, the water thus serving as both coolant and mod- 
erator. Immediately surrounding the lattice is a reflector of water-cooled beryllium. This 
whole assembly of active lattice and beryllium reflector is mounted in a tank system 
through which the water flows and which contains the control rods and their bearings. Out- 
side the tank system are a secondary reflector of graphite, a thermal shield, and a biologi- 
cal shield. 

The fuel elements are made up of 18 plates supported in a stack, with 0.117-in. spacing 
between plates, by two grooved, aluminum side-plates. The fuel plates consist of cores of 
10- to 20-percent-uranium (~ 90 percent U?**)—aluminum alloys, 23°/,-by 2.90- by 0.021-in, 
clad with aluminum; final fuel-plate dimensions are 24°- by 2.845- by 0.060-in. (the ex- 
ternal plates are lengthened to 28°), in. by aluminum extensions). The plates are curved 
across their width to a 5'4-in. radius and brazed into the aluminum side-plates. Tube-box 
adapters which mate with the upper and lower support grids are plug-welded to each end to 
complete the fuel element. 

The tank system, approximately 30 ft tall, is made up of five sections. The tanks provide 
the means of funneling water through the active lattice and beryllium reflector and provide 
supports for the reactor assembly and the control rod bearings. They are bolted together 
and, by the use of aluminum gaskets, made into a watertight system. The sections from the 
top down are called the A, B, C, D, and E tanks. Sections A and E are made of stainless 
steel and are permanently imbedded in the concrete of the biological shield with a struc- 
tural-steel framework support. Section E is 54'/, in. ID by 6 ft 5 in. with 2-in. walls. This 
section supports sections C and D and has two 24-in. water outlets. Section A is 70 in. ID 
by 11 ft 5 in. with %-in. walls. It serves as a container for the water shielding above the 
lattice and is provided with two 24-in. water inlets (and overflow pipes). The diameter of 
this tank is large enough so that sections B, C, and D are removable through it. 

Section C (4 ft 4) ¢ in. long) and section D (6 ft long) are made of 1-in. aluminum with a 
§4'/,-in. ID. Section D contains the active lattice and is bolted by external flanges to section 
E. Sections C and D are joined by internal flanges. Section D is pierced by several holes 
with aluminum thimbles welded in for experimental facilities. The resulting loss of strength 
in the tank wall is compensated by a 1-ft band of increased wall thickness (1)% in.) at the 
center. Section B is a bellows-type expansion joint of stainless steel, joined by an external 
flange to an internal flange at the bottom of section A and by internal flanges to section C. 

A lower support casting, bolted to the bottom of section D, supports a lower assembly 
grid and a lower shim-rod-bearing grid. An upper support casting, which rests on an ex- 
tension of the upper flanges of section D, supports a removable assembly of the upper as- 
sembly grid, the grid spacer, and the upper shim-rod-bearing grid. 
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LIGHT-WATER-MODERATED HETEROGENEOUS REACTORS CHAP. 8.4 


The tube-box end-adapters of the fuel elements fit into the upper and lower assembly 
grids. A spring section of the upper end box allows each assembly to be held firmly and 
still allows for expansion and tolerance limitations. The assembly grids provide for a 5 by 
9 array of fuel elements except that 8 centralized spaces (space numbers 2, 4, 6, and 8 of 
rows 2 and 4) are allotted as shim-rod spaces. The shim rods are lifted by electromagnetic 
clutches on drive shafts which extend through the top plug to the drive motors. The regulat- 
ing rods enter the beryllium reflector portion of the reactor and are coupled to their drive 
shafts by quick-release mechanisms. The rods are guided by the upper and lower shim- 
rod-bearing grids. A further set of control-rod guide bearings, mounted in a spider, is 
fastened to the top plug by four long support tubes. When the top plug is lowered into place, 
the four corners of the spider fit over pins on the spider support ring which is bolted to the 
top flange of tank section B. The support, grid, and bearing castings are all made of alu- 
minum. | | 

The normal loading of the lattice is with fuel in a 3 by 9 array with four alternate spaces 
in the central row having combination fuel and poison shim-rods. The other lattice positions 
are filled with beryllium elements, and the other four shim positions use the combination 
poison and beryllium shim-rods. 

The beryllium section of the reflector is all contained in tank section D, occupying the 
space between the active lattice and the tank wall. It is made of large blocks of hot-pressed 
beryllium powder, machined to fit together and around the beam holes and lattice. A dis- 
charge chute for unloading reactor components extends from the reactor (adjacent to the 
lattice region) to a canal system below the reactor. Access to this discharge chute is ob- 
tained by lifting out a section of the beryllium reflector. Adjacent to the tank wall and ex- 
tending out a minimum of 40 cm to form a 7-ft 3-in. square is a 9-ft-high graphite pebble- 
zone containing about 700,000 one-in. balls of graphite. The pebbles rest on a base plate 
mounted on the lower thermal shield. Two discharge chutes in the pebble support plate can 
be opened into a discharge bin, allowing for removal of the pebbles. Around the pebble-zone, 
a graphite reflector, made up of 4- by 4-in. graphite blocks, is built out to a 12- by 14- by 
9',-ft-high structure, keyed together, and with a 6- by 6-ft thermal column extending out 
through the shield to one side. 


SHIELDING 


The thermal shield is formed by two 4-in. steel plates separated by a gap through which 
cooling air is circulated. The outer plate is in contact with the concrete biological shield 
and cools this by direct thermal contact. Over-all dimensions of the thermal shield are 14 
by 16 by 12'/ ft high. Around this is the biological shield in the form of barytes concrete 
installed by the “prepack” method. The many experimental openings through the shield are 
shielded by stepped plugs of material which in general matches the surrounding shielding 
materials. These plugs are shielded by large lead coffins when they are withdrawn to pro- 
vide access for the experimental facilities. A 6-ft by 6-ft by '4-in. sheet of boral is used 
as a shielding curtain for the thermal column. This can be raised or lowered between the 
graphite reflector and the thermal column. A fixed 3-in.-thick sheet of lead in place of the 
thermal shield between the graphite reflector and the thermal column serves to attenuate 
the gamma radiation. 

The process water is conveyed to and from the reactor tank through pipes imbedded in 
the biological shield and is carried in a pipe tunnel between the reactor building and the 
process-water building. The water in the reactor tank system along with the top and bot- 
tom tank plugs serves as a shield above and below the lattice. 

The circulated air coolant is shielded by being conveyed in underground ducts. Handling 
of irradiated fuel elements is performed under about 17 ft of water in the canal below the 
reactor. 
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EXPERIMENTAL FACILITIES 


Seventeen large experimental holes lead from the side shield faces to either the reactor 
tank wall or the active lattice as follows: 

(1) Six horizontal beam holes extend to the active lattice. Two of these are 8 in. in diam- 
eter to the tank wall and 6 in. in diameter from there to the active lattice. The other four 
holes are 6 in. in diameter all the way. 

(2) Six inclined holes of 6-in. diameter extend to the reactor tank wall. Inside the tank 
wall they are extended to the active lattice by 2-in.-ID, sealed, empty, aluminum cylinders. 

(3) Two horizontal, 6-in.-diameter holes extend to the reactor tank. 

(4) Two horizontal, 4-in.-diameter rabbit holes extend to the reactor tank. 

(5) One horizontal, 4'1/,.- by 4'4,-in. hole extends through the reactor adjacent to the 
active lattice : 

In addition, there are six horizontal through-holes, two 4 in. in diameter, two 8 in. in 
diameter, and two 10%, in. in diameter, extending through the graphite block reflector. 

There are 71 experimental and instrument holes accessible from the top of the reactor. 
These extend various distances into the graphite zones, pebble and block, and the biological 
shield. : 

The thermal column is made of GBF graphite and is covered by a thick lead door. The 
column is encased with a combination of lead, steel, and cadmium or boral shells. The 
column is penetrated by nine horizontal and two vertical experimental holes. 


FUEL HANDLING 


Fuel elements (or other reactor components) are loaded into the reactor by removing the 
top plug and maneuvering the components with long-handled grappling tools. Elements are 
discharged by lifting out the beryllium plugs over the discharge chute and lowering the ele- 
ments into a canal system below the reactor. A hydraulically operated unloading mecha- 
nism effects the transfer between the two water systems and rotates the discharged com- 
ponents from a vertical to a horizontal position where the component is ejected onto a re- 
ceiving table. From this point, the component is handled with long tongs or hooks and 
placed in storage racks in the canal. 


COOLING-WATER SYSTEM 


Water from the 150,000-gal working reservoir flows, under a normal head of 170 ft, 
directly to the reactor tank through a 30-in. stainless-steel pipe outside of the reactor 
building and a 36-in., stainless-steel pipe beneath the reactor building. The 36-in. pipe 
splits into two 24-in. stainless-steel pipes which convey the water up through diagonally 
opposite corners of the biological shield to the top of the reactor tank system. The water 
descends through the reactor tank sections, the active lattice, and the beryllium reflector 
and emerges from the bottom of the reactor tank into two 24-in. stainless-steel lines which 
join into a 36-in. line by which the water is conveyed to a 17,000-gal seal tank in the proc- 
ess-water building. Water from the seal tank is drawn into flash evaporators and, in being 
flashed at a pressure that yields 100°F effluent, falls from the flash evaporators into the 
100,000-gal sump tank from which it is pumped to the working reservoir to complete the 
cooling cycle. The reactor heat, liberated in the flash evaporators, is carried away by 
cooling-tower water circulated in the condenser tubes of the evaporators. A demineraliza- 
tion system supplies the required make-up water. 


COOLING-AIR SYSTEM 


Air is drawn into the reactor building through coarse fiber-glass or wire-mesh prefilters. 
The air then goes through an electrostatic filter. The reactor building is pressurized to 
about '/ in. of water so that leakage in through windows, doors, and the like is kept toa 
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minimum. The reactor building air is then drawn into the reactor through four airmat-type 
PL-24 glass-wool filters (except for the small amount leaking in around experimental open- 
ings). The air is channeled down between the two thermal shield plates from four 2- by 2- 
by 12-ft plenum chambers (on each side) by a series of 8-in. ducts leading to manifolds 
above the thermal shield. The air passes into plenum chambers beneath the graphite, rises 
up through the graphite reflector, and exits into a plenum chamber. The exit ducts consist 
of two 30- by 30-in. pipes which carry the air downward in diagonally opposed corners of 
the biological shield and join into a 48-in.-diameter duct leading to a plenum chamber be- 
neath the blower and fan house. The blowers exhaust the air from this plenum to another 
plenum where it is mixed with contaminated air from the laboratory and discharged through 
a 250-ft stack. 


MODIFICATIONS 


The excess reactivity of the MTR has turned out to be less than anticipated. To compen- 
sate for this, the uranium content of the fuel core alloy is being raised to about 16.5 per- 
cent (168 gm of uranium per fuel element). 


LOW-INTENSITY TRAINING REACTOR (LITR) 


This reactor consists of an assembly of sandwich-plate fuel elements positioned in a 
slab-type lattice by upper and lower grids. Provision is made for enclosing this with beryl- 
lium blocks for reflection, and the whole assembly is contained in one section of a long, 
cylindrical tank structure having a vertical axis. The design represents a modified, full- 
scale mock-up of the MTR design current at the time of construction. 

The fuel elements are made of 18 fuel plates supported in a stack, with 0.117-in. spacing 
between plates, by two grooved aluminum side-plates. The fuel plates consist of cores of 
10 to 20 percent-uranium (~90 percent U***)—aluminum alloy, 23°, by 2.50 by 0.021 in., clad 
with aluminum; final fuel-plate dimensions are 24°4 by 2.845 by 0.060 in. (the external 
plates are lengthened to 28% in. by aluminum extensions). The plates are curved across 
their width to a 5'4-in. radius and brazed into the aluminum side-plates. Tube-box adapters 
which mate with the upper and lower support grids are plug-welded to each end to complete 
the fuel element. 

The support grids provide for a 9 by 9 close-packed array of fuel elements except that 
three alternate spaces in the second row are allotted to coarse control rods. The spaces 
not used for fuel or control rods are filled with temporary beryllium reflector elements. 

The tank structure is made up of six cylindrical sections which are designated, from the 
top down, the A, B, C, D, E, and F sections. All except C and D sections are made of mild 
steel and are Amercoated for corrosion protection. The tank support structure and housing 
is a steel girder framework with four main support columns. A sub-reactor room (15 by 
15 ft) extends 12 ft below grade. 

Section A is 70 in. ID by 11 ft 6% in. with a °4-in. wall. It has two 36-in. flanged openings 
for water inlets and is fitted with external flanges, at the top and bottom, by which it is sup- 
ported. Section B is 55 in. ID by 5 ft 3% in. with a '4-in. wall. It is lowered through section 


A, from which it is supported by a lower internal flange mating with an upper external 
flange on section B. 

Section D is made of *4-in. aluminum and is 54'/ in. ID by 6 ft. It encases the active lat- 
tice and forms the outer boundary of water flow through the reflector. This tank provides 
bearing surface and alignment for the upper and lower grid-support castings which are 
made of aluminum. Four offset and two central 6-in.-diameter horizontal aluminum thim- 
bles are welded to the tank wall and terminate at the surface of the active-lattice region in 
the mid-plane. Lugs welded to the tank wall immediately above the reflector support the 
peripheral reflector-piece alignment ring. 
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Section E is a cylindrical steel shell, 55/4 in. ID by 47%, in. with %-in. walls, having two 
diametrically-opposed 16-in. flanged openings for water outlets and a 30-in. flanged open- 
ing for a manhole. These openings have been blocked off. There is an external flange at 
the top for connection to tank section D and an internal flange at the bottom for bolting to 
section F. Section F is the bottom of the tank and both closes the tank and supports the 
shim-rod shock absorbers and sections D and E of the tank. It consists of two flat plates, 
separated by a ring at the periphery and radial reinforcing ribs. The top plate is 2 in. thick 
and the bottom one is 1'/ in. 

The two main portions of the tank structure, sections A and B supported from above, and 
sections D, E, and F supported from below are joined (by internal flanges) by section C, a 
stainless-steel bellows expansion section. The tank joints, except for the top plate, use 
aluminum wire gaskets. The top plate uses a neoprene gasket since it is frequently re- 
moved. 

The inner assembly consists of upper and lower assembly grids and upper and lower 
control-rod guide grids. These are provided with support and spacer castings of aluminum. 
The lower grid support bears on a ring bolted to the lower tank flange, while the upper as- 
sembly support is born by lugs welded to the tank wall. The beryllium reflector is supported 
on a skirt-plate casting enveloping the lower grids. 

The beryllium reflector is made up of bricks doweled and riveted together in the form of 
vertical columns. The reflector is 8 in. thick on the sides of the lattice but extends all the 
way to the tank wall at the ends. The beryllium on the 8-in.-thick sides is retained by alu- 
minum side-plates. Unused lattice positions are also filled with beryllium elements to aid 
in reflection. 

The regulator rod travels in the reflector immediately adjacent to the lattice. This, along 
with the three shim rods, extends up into tank section B to the electromagnetic suspensions. 
Shafts from the electromagnets extend upward through a positioning and bearing spider and 
through packing glands on the top plate to the rod drive mechanisms. 


SHIELDING 


Shielding directly above the tank is effected by the 17'4-ft column of water above the ac- 
tive lattice. Around the B, C, and D sections of the tank, a 12-ft-thick shield is built. This 
consists of a wrapping of borated plastic, packed with sand, and concrete blocks with the un- 
even inner block surface filled in with sand. The six horizontal thimbles are stepped to 8 
in. and provided with shield plugs. The outlet water lines are shielded with 3 in. of lead, 
the storage tank by about 17, ft of concrete, and the inlet water line by 1 in. of lead. 


FUEL HANDLING 


Fuel elements, reflector pieces, and internal reactor units are handled by long-shafted 
grappling devices from the top of the tank. Access to the lattice and reflector pieces is af- 
forded by removing the top plate along with the control-rod shafts and positioning spider; 
the upper assembly and guide grids and supports are then raised and placed on a storage 
support on the control-rod-spider guide ring. Support is also provided in B section for 
storing irradiated fuel elements until they can be removed in a cask. 


COOLING SYSTEM 


Water is brought into the top tank section through an 8-in. aluminum header. After pass- 
ing down through the tank structure, it is conveyed up past the active lattice and reflector 
through four 2-in. pipes. Above this section, these pipes are joined in two 6-in. pipes 
which pass up to the top section where the water is removed in a single 8-in. header. This 
conveys the outlet water to a 7000-gal seal tank and then to the pump. After leaving the 
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pump, the water passes through a Trane horizontal-bed forced-draft-cooled radiator using 
two 2-speed blower fans (40 or 10 hp). The radiator is a 4-pass bank of aluminum-finned 
aluminum wibes. After it is cooled, the water circulates back to the reactor tank. The 
water is treated by demineralization and deaeration of the make-up. 


BULK SHIELDING REACTOR (BSR) 


This thermal reactor is water cooled, water moderated, and partially beryllium-oxide 
reflected. It is suspended in a 40- by 20- by 20-ft pool of water. The fuel element is a box- 
like stack of 18 curved (5'4-in. radius across width) plates, each 3- by 24- by 0.060 in., 
spaced 0.117 in. apart, and braced into grooved aluminum side-plates. These plates are 
0.060-in. sandwich structures of 14.1-percent-U-Al alloy between 0.020-in. aluminum 
cladding. Each fuel element is provided with an adapter tube at one end by means of which 
the fuel element is set into a hole*in an aluminum support grid with the long axis of the 
element vertical. This grid is 28 by 19 by 5 in. deep: An aluminum can containing BeO 
blocks occupies 4 in. of the 19-in. dimension, leaving a free space of 27 by 15 in. which 
allows an array of 9 by 5 fuel elements (3- by 3-in. cross section). 

For varying the loading pattern, aluminum cans with the same outline as the fuel ele- 
ments and filled with beryllium oxide blocks are provided. The three control rods are ver- 
tical (scramming by gravity) and travel inside special fuel elements which have half of the 
fuel plates removed. 

' The aluminum support grid is suspended at a 16-ft depth by an aluminum framework from 
a bridge which spans the pool. This bridge also carries the controls and control panel, al- 
though the operator is located on a movable platform beside the pool. When in operation, 
the reactor bridge is locked to the rails with heavy clamps. The reactor travels along the 
long dimension of the pool without provision for vertical or lateral displacement. 

The pool has a 14-ft by 14-ft by 5'4-ft-deep well, centered 15 ft from one end of the pool. 
Adjoining this is a 7'4-ft by 8-ft by 3-ft-deep extension well. These wells are normally 
filled with barytes-limonite concrete blocks. In addition to giving an adjustable floor level 
in the bottom of the pool, these blocks are used to piece out shielding samples. A 12- by 
21-ft aluminum gate 10 ft from the opposite end. of the pool can be lowered, blocking off 
this end of the pool and permitting the rest of the pool to be pumped dry. 


SHIELDING 


The standard shielding of the reactor is effected by at least 16 ft of water or by an 
equivalent shield with less water plus the concrete pool walls and the earth. For experi- 
ments with the reactor behind the aluminum barrier, the concrete blocks from the pool 
well may be stacked to supplement the shielding. 


FUEL HANDLING 


Fuel elements are inserted in and removed from the support grid by means of a long- 
handled grappling tool manipulated from the reactor bridge. Irradiated elements are 
stored on a rack in the pool under 8 ft of water. 


COOLING SYSTEM 


The pool contains about 100,000 gal of laboratory process water. It is filled by gravity 
flow and emptied by pumping. The outlet system has a “vacuum breaker” to ensure that the 
pool will not empty by syphoning action. Reactor heat is removed from the fuel elements 
by natural convection currents only. This cooling is estimated to be adequate for 1000-kw 
operation. 
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LIGHT -WATER-MODERATED HETEROGENEOUS REACTORS 
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CHAP. 8.4 REACTOR DESIGNS 


SHIELD TEST FACILITIES 


An instrument bridge also spans the pool. A cart travels on a pair of rails on one side 
of the bridge, and a stainless-steel framework, suspended from the cart, reaches nearly to 
the bottom of the pool. A carriage which slides on the framework and is raised or lowered 
by a winch carries the various chambers associated with the measurements. It is also pos- 
sible to rotate the framework about a vertical axis. The bridge and cart can be clamped to 
their rails, and the carriage can be clamped to the framework. In addition, by means of two 
telescoping tubes, the framework can be clamped to the bottom of the pool. A thin aluminum 
window in the pool barrier permits shielding studies in air by placing the reactor behind 
and close to the barrier and draining the remainder of the pool. Additional flexibility is ob- 
tained through the use of the well in the pool. In addition to affording an adjustable floor 
level, the blocks may be used to piece out and supplement shielding samples. 
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CHAPTER 8.5 


Heavy-water-moderated Heterogeneous Reactors 


ARGONNE HEAVY WATER REACTOR (CP-3’) 


This reactor consists of 122 fuel rods suspended vertically in an aluminum tank (6-ft OD 
with *4,-in. walls, 8-ft 10-in. tall) through which D,O coolant-moderator is circulated (the 
D,O depth is 7 ft). The 1'4-in. -thick stainless-steel support plate rests on a shoulder of 
the reactor tank, and the reflector graphite is stacked below the shoulder. A 12-in.-thick 
shield of lead blocks is also carried by the support plate. The fuel rods have flanges at the 
upper ends that bear on aluminum sleeves, which are threaded into holes in the support 
plate and extend upward through the lead-block shield. The lower ends of the fuel rods 
pass through a bottom grid-plate of aluminum that positions the rods without constraining 
their longitudinal freedom. Of the 136 lattice positions, 117 are loaded with standard fuel 
elements (one provided with a thermocouple). Three positions contain “poison rods” having 
217, in. of cadmium at the lower end; two positions contain “spiked” elements containing a 
12-in. length of 6-percent uranium-aluminum alloy in the center of the fuel section. The 
remaining lattice positions are occupied by 4 experimental thimbles, 2 burn-up thimbles, 

3 control-rod thimbles, 1 aluminum thermocouple rod, and 4 blanking-off aluminum-pipe 
plugs. The portion of a fuel rod assembly which extends through the lead tank-plug is made 
up of a cadmium-lead shielding combination. The active portion of the rod is 66 in. long. 
The reactor tank rests upon and is enclosed by a 2-ft-thick layer of 4- by 4-in. cross- 
section graphite blocks stacked with staggered joints. 

Two shim rods and two safety rods are pivoted from stainless-steel supports on the fuel- 
rod support plate near the periphery of the reactor tank and swing in four parallel, verti- 
cal planes between the fuel rods. The safety-rod planes of travel are 5° in. off the vertical 
axis of the reactor tank, whereas the shim-rod planes are 105, in. off the axis. These 
control rods are made of two concentric aluminum shells with a 0.015-in. cadmium layer 
between them. The cross section changes from a circular shape (3'4-in. OD) near the p**"- 
ot end of the rod to approximately an ellipsoidal shape near the free end of the rod (major 
axis is the direction of motion). The shim-rod absorber sections are 5-ft 1-in. long, and 
the safety-rod absorber sections are 5-ft, 4°/-in. long. These rods are driven by pivot 
shafts which extend out through the shielding to external drive-mechanisms. The shim 
rods are motor-driven, whereas the safety rods are pneumatically operated (fail-safe) and 
scram by gravity. In addition, there are three vertical control rods (one regulator and two 
safety) which operate in fuel-element positions. The safety rods are approximately dia- 
metrically opposed, with seven lattice spaces between them, and the regulator rod is ap- 
proximately symmetrically placed with respect to the safety rods at a distance of five 
lattice spaces from the line joining their centers. The latter is composed of two aluminum 
tubes with a 0.015-in.-thick by 45-in.-long cadmium layer between them and is brought 
through the upper shield to the drive motor by an aluminum-steel extension. The safety- 
rod absorber sections are also made of concentric 36-in.-long aluminum shells with a 
0.030-in.-layer of cadmium between them. The outside diameter is about 1'/ in. A 44-in.- 
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HEAVY-WATER-MODERATED HETEROGENEOUS REACTORS CHAP. 8.5 


diameter chromium-plated steel rod extension supports the absorber section from an elec- 
tromagnetic suspension device located in the upper shield. This suspension device is 
mounted on a vertical endless-chain drive to effect the required travel for the safety rods. 
The vertical rods travel in aluminum thimbles and scram by gravity. 

The horizontal experimental openings penetrate to or into the graphite reflector. There 
are no experimental openings on the side of the reactor toward the pump room, which is 
immediately adjacent to the reactor. In addition to the horizontal experimental openings, 
there are six vertical thimbles in fuel-rod positions. Two of these have cadmium burn-up 
elements which are used for long-time shim control. There is also an axial thimble 
(inter-cell). 


SHIELDING 


The reactor tank and reflector are encased by a 4-in.-thick layer of lead (poisoned with 
1 percent cadmium). The inside of the lower 2 ft of this shell is covered by a water-tight 
lead sheet that serves as a drip-pan to reclaim leakage or spillage of D,O. Two lead lines 
(2-in. and 1'4-in. diameters) drain this pan to the D,O drain tanks. The remainder of the 
principle shielding consists of concrete in the form of an octagonal prism enclosing the 
reactor-reflector assembly. The shield thickness is 7-ft 8-in. or more. On one side this 
thickness is partly provided by the pump room shielding-wall. 

The shield above the reactor tank and lead plug is composed of 4 ft of laminated steel 
and masonite in the form of removable blocks, supported on a row of 15 removable 7-in. 
I-beams that rest on two 12-in. I-beams at their extremities. The pump and heat exchanger 
room is shielded by 2-ft-thick concrete walls. These walls also serve to shield the open- 
ings in the reactor shield through which the D,O and helium pipe lines are carried. 

The experimental openings which penetrate the shielding are stepped and provided with 
appropriate plugs. The thermal column and goat hole (filled with graphite) have lead and 
iron-masonite shielding; the exposure thimbles are curved and have fitted plugs. 


COOLING SYSTEM 


The D,O enters the bottom of the reactor tank by way of a 2'4-in. stainless-steel header 
and leaves the tank via a 4-in. stainless-steel line through the tank-plug which extends 
down to the top of the lattice. This line leads to a sealed, stainless-steel pump which cir- 
culates the D,O through a tube-and-shell heat exchanger (cooled by a process-water and 
cooling-tower system). A 3-in.-diameter pipe branching from the return line to the reac- 
tor contains a quick-acting valve which permits dumping the D,O from the reactor into the 
storage tank. The coolant system is provided with by-pass facilities for resin ion-exchange 
columns, filtering, distilling, and pD adjustment. 


AUXILIARY SYSTEMS 


A positive helium atmosphere is maintained above the D,O in the reactor tank and the 
storage tanks. This is done to prevent contamination by the moisture (light water) con- 
tained in the atmosphere. This helium is circulated through a recombination system to 
reclaim D,O which has been dissociated in the reactor. 


ARGONNE RESEARCH REACTOR (CP-5) 


This reactor is in the construction phase with essentially all components assembled or 
being ordered; future modifications are anticipated to be minor. 

The fuel for this reactor is contained in sandwich plates (8- by 24°4- by 0.060 in.) com- 
posed of a 0.020-in.-thick core of uranium-aluminum alloy clad with 0.020-in.-sheaths of 
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aluminum. These plates are curved to a 5'4-in. radius across their width and maintained 
in a ten-plate stack, with 0.154-in. spaces between plates, by means of 0.112-in.-thick 
aluminum side-plates. Two 0.051-in.-thick aluminum end-plates are added as outside 
plates to complete the assembly of the grid-box with a cross section of about 2.4- by 3-in. 

There are 17 locations on 6-in. centers for mounting the grid boxes vertically; these 
are spaced so that a full array of the boxes presents a cylindrical arrangement about 2 ft 
in diameter at the center of a 6-ft-diameter aluminum tank containing D,O. A 10-in. heli- 
um plenum over the D,O surface is formed by a tank plug fitting inside the upper 214 ft of 
the aluminum tank; the seal for this helium atmosphere is at the flange engagement at the 
top of the tank. The tank plug is partially supported on the *,-in. tank wall and partially by 
springs mounted in the 104 -ft-diameter top shield. This top shield in turn rests on an 
offset of a 10-ft-diameter steel tank which bears on steel base beams 2 ft below aluminum 
tank. A graphite zone 2 ft thick rests on these beams and supports the aluminum tank. The 
2-{t-thick graphite reflector between the two tanks supports an annular shield at the same 
level as the tank plug. 

Individual access to each fuel box is achieved by aligned holes in the tank plug and an 
inner plug of the top shield. Separate small weighing-plugs in the tank-plug holes hold the 
fuel boxes down against the coolant flow. The seals for the helium atmosphere are O-rings 
on the weighing plugs. The D,O seal at the bottoms of fuel boxes is maintained by modified 
pipe-union-type of surfaces. 

Four shim-safety rods, 1- by 5-in. rectangular cross section, swing in the spaces formed 
by five rows of fuel boxes. The rods are attached at bearings supported on a grid structure 
of the 6-ft-diameter aluminum tank. These rods are driven through a spline engagement by 
shafts which extend horizontally to seals and drive mechanisms outside the shielding. 
Safety movement of the rods is by combination gravity and spring action. A vertically ac- 
tuated regulating rod can be positioned in any of eight thimble locations just external to 
the 17 fuel-box locations comprising the reactor core. 

Aluminum thimbles for the experimental facilities are welded to the aluminum tank wall 
and extend inward to the core or through the tank. The thermal columns are horizontal and 
diametrically opposed. 


SHIELDING 


To minimize heating and gamma ray sources, the steel tank is lined with a boral-layer 
and enclosed by a 3- to 3',-in. layer of lead. Water circulated through copper coils buried 
in the lead removes the heat generated in the graphite and thermal shield. Around the 
thermal shield is the biological shield, consisting of limonite and heavy-aggregate con- 
crete, in the form of a modified octagonal prism. An exception is the top shield external 
to its inner plug; this annular shell, a1/ ft high, is filled with bags of borax and iron 
punchings. A layer of lead, 3 in. thick and 6 ft in diameter, covers the top shield to absorb 
radiation during transit of a spent fuel box being drawn into the 8-ton lead coffin. 

Miscellaneous shielding includes a concrete mass for storing spent fuel and a 2-ft ceil- 
ing over D,O system (main floor). Basement walls to isolate the recirculating D,O will be 
erected after it is determined how completely the nié decays in the reactor tank. 


FUEL HANDLING 


In loading, a fuel box, attached to its weighing plug and a safety loading washer, is 
lowered into position through an individual hole in the top shield. The final positioning of 
the fuel box is accomplished by disengaging the safety loading washer to permit the lower 
end of the box to engage its seat safely. A top plug is placed over the weighing plug. 

On discharging, the top plug is removed and set aside. The safety washer is engaged, 
and the fuel box and weighing plug are raised approximately 1 in. The coffin is then posi- 
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tioned over the hole, and the fuel box and its weighing plug are drawn into the coffin. The 
flange of the washer stops the travel of the fuel box about 1 in. above its seat in the event 
the box is accidentally dropped. 


COOLING SYSTEM 


DO is fed into the reactor through an inlet header into a plenum chamber at the bottom 
of the reactor tank. Openings in the plenum chamber allow the D,O to flow into the fuel 
boxes. The connecting adapter on the fuel box contains an orifice that distributes the flow. 
After passing upward through the active section, the D,O is discharged into the moderator 
space through exit ports in the upper part of the fuel box. The D,O level is maintained by 
an overflow line which drains into the D,O storage tank. The D,O is discharged from the 
tank by a vertical header at the bottom of the reactor tank and passes through a pump, two 
tube-and-shell heat exchangers, and then back into the reactor. Light water picks up the 
heat on the shell side of the heat exchangers and delivers it to a forced-draft cooling tower. 
Other features in the heavy-water system include a 500-gal dump tank to lower the D,O 
moderator level just to the top of the reactor core and a 1400-gal storage tank for com- 
plete removal of D,O from the reactor tank. Columns for continuous ion-exchange purifi- 
cation of the D,O are provided. 


AUXILIARY SYSTEMS 


The 10-in. space above the D,O in the reactor tank and all free space above the D,O in 
the D,O system is occupied by blower-recirculated helium. The helium carries decompo- 
sition gases over a catalyst for recombination of D,O. 

The graphite zone has a helium atmosphere to permit more heat to pass by conductivity 
from experimental plugs into the moderator near the reactor core. This atmosphere also 
assists in distributing graphite heat for removal in the coils of the thermal shield. A gas 
holder comprises the external part of this system. 

The copper coils buried in the thermal shield lead are duplicated as an insurance fea- 
ture. Distilled water is recirculated through the shell-and-tube heat exchanger, the heat 
being picked up by make-up water for the cooling-tower loop. 
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Miscellaneous Heterogeneous Reactors 


THERMAL TEST REACTOR (TTR) 


This reactor was designed for the primary purpose of carrying out accurate, danger- 
coefficient experiments. An annular cylindrical can, constructed of aluminum, with an ID 
of 12 in. and an OD of 18 in. contains the 20 aluminum tubes (2 in. in diameter) that hold 
the fuel rods for the active section of the reactor. The interstices between these tubes 
and the can walls contain light water, whereas the tubes themselves are filled with a light 
paraffin-base oil. These two liquids (static) act as moderators. The central space in the 
annular cylinder is filled with graphite to form an internal thermal column which is con- 
structed with a central slot for experimental samples. The. neutron flux in the sample 
position is 2.3 times the average flux in the active lattice, and the cadmium ratio of 
indium activation is 5.9. A neutron cross section of 107° cm’ can be measured by normal 
danger-coefficient methods. 

Any six of eight 1/-in.-diameter, vertical, aluminum tubes, which extend above and be- 
low the reactor, can be used as thimbles for the control and safety rods. The safety rods 
are suspended electromagnetically and scram into the reactor by gravity. 

Each of the 20 fuel rods contain approximately 50 fuel discs. These washer-like discs 
have an outside diameter of 1.96 in. and an inside diameter of 0.194 in. The discs are 
_ 0.040 in. thick and contain about 2.7 gm of U**5 as a 35-percent-uranium: aluminum alloy 
(~90 percent U***). These discs are placed on an 18-in. aluminum rod and spaced at 0.2 in. 
by polyethylene washers. The planes of the discs are canted 6° off the perpendicular to 
the rod axis to allow bubbles to escape freely. 

A graphite reflector about 214 ft thick covers the sides and bottom of the core. This is 
extended out one side to form a horizontal thermal column. 


SHIELDING 


The reactor is placed in a 10-ft by 15-ft by 13-ft-high room. The three external walls 
of the room are made of 6 ft of ordinary concrete, and the ceiling is 1 ft of reinforced 
concrete. The fourth 6-ft-thick wall is built up of blocks of high-density concrete with an 
access Opening and a thermal column opening provided. 
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CHAPTER 8.7 


Unmoderated Heterogeneous Reactors 


LOS ALAMOS FAST REACTOR (CLEMENTINE) 


The fuel rods are held vertically in a close-packed array in a steel cage. Holes in the 
bottom and top plates of the cage allow mercury to flow from the bottom up around each 
slug and out the top plate. The over-all dimensions of the cage are 5'4 in. OD by 67/,¢ in. 
long. The fuel elements are located by recesses in the bottom plate and holes in the top 
plate. The cage is located at the bottom of a steel casing about 45 in. long. This casing, 
or pot, is closed by a top-tamper-plug 39 in. long made of uranium, steel, and shielding 
materials, which are enclosed in a steel shell welded close at both ends. Mercury enters 
the pot at the bottom from two tubes located on the outside of the pot, leading from above, 
and exits through an axial tube in the tamper plug. 

Two steel plates, totalling 11 in., supported on a reinforced concrete pier serve as a 
base for the reactor. The tamper (reflector) volume, a 30-in. cube, contains the cage and 
pot in a column of uranium 8 in. by 8 in. by 17/4 in. high. On the four sides of the column 
are blocks of uranium (most of them silver plated) which are 5 in. thick. This, together 
with the pot tamper-plug, completes the 17'4-in., cubical, uranium tamper, around which 
isa i) -in. -thick, water-cooled aluminum jacket. Surrounding the jacket are 6-in.-thick 
blocks of steel that complete the tamper to 30 in. Outside the tamper on the four sides and 
the top is a 4-in.-thick layer of lead and a 1/,-in., welded, aluminum jacket, encasing the 
entire tamper and lead shielding in a gas-tight envelope. 

On one side of the reactor, a 4- by 4-in. block of bismuth extends through the tamper 
from the central uranium column to the gas-tight envelope. This serves as a window for 
the graphite thermal column, which steps up from about 30- by 30-in. to 6- by 6-ft over a 
6-ft length. The thermal column has eight removable stringers and three transverse test 
holes. On the opposite face of the reactor a 6-in.-diameter by 11-in. thorium cylinder 
containing a 14 -in.-diameter removable core extends from the central uranium column to 
the lead shield. One of the other faces has an 8- by 8-in. block of uranium containing a 
‘4-in.-diameter removable core extending from the central uranium column to the lead 
shielding. The remaining face has a removable steel plug for a hole which extends in to 
the central uranium column. Four holes go completely through the tamper tangential to 
the central core and parallet to the uranium and steel windows. Ten vertical holes pene- 
trate into various regions of the tamper. 

Vertical control rods are located in the uranium tamper. These rods are driven by 
mechanisms located on the top shield and are scrammed through the reactor by gravity. 
The lower portions of the rods are made of uranium; the upper ends (of the control length) 
are made of sintered boron-10. This combination gives a maximum of control. Originally, 
as a safety feature, a portion of the uranium tamper below the core was designed to drop 
away from the assembly, but this system is no longer in use. 
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UNMODERATED HETEROGENEOUS REACTORS CHAP. 8.7 


SHIELDING 


Outside the gas-tight aluminum casing are the laminated side shields comprised, from 
the center outward, of 3 in. of iron, 3 in. of masonite, 24 in. of iron and boron-plastic 
sheets alternated in 3-in. thicknesses, and 18 in. of poured barytes concrete. The top of 
the reactor is shielded by boron-plastic, iron, and removable concrete blocks. 

The thermal column is shielded by ais in. of boron-plastic, 0.040 in. of cadmium, and 
8 in. of lead. The mercury coolant system is contained in a vault (in the main shield 
structure) provided with heavy lead doors supplemented by 12 in. of concrete blocks. 


FUEL HANDLING 


Fuel elements are removed from or placed in the core cage by removing sections of the 
top shield and the pot tamper-plug and handling the slugs with remotely operated grappling 
devices. After the core is partly unloaded, the entire pot may be removed and further 
dismantling done in a hot cell. 


COOLING SYSTEM 


Mercury is drawn from the heat exchanger by an AC electromagnetic pump which de- 
livers the mercury to a reservoir tank at the top of the shielding. From the reservoir, the 
coolant flows through the reactor and then into the heat exchanger. The heat exchanger is 
made of helical coils cast in a copper cylinder. One coil is made of mild steel and carries 
the mercury; two are made of stainless steel and carry the water. To facilitate heat 
transfer, 1 ppm of titanium and 10 ppm of magnesium are added to the mercury. 


EXPERIMENTAL BREEDER REACTOR (EBR) 


The reactor structure is comprised of a bottom grid-plate (which positions the lower 
ends of the rods) hung by tie rods from a 4-in.-thick support and grid plate. Above this 
are the coolant inlet chamber, a separation plate, and the coolant outlet chamber. These 
components all fit inside a stainless-steel tank of double-wall construction. The bottom 
24°/ in. of this tank fits closely around the uranium rod blanket to accommodate the 
external uranium blanket, which is made of stainless-steel-clad, uranium (natural) bricks 
stacked in the form of a cup 30'/ in. in diameter. Above this, the tank expands out to 
23'% in. ID over an 85-in. length with insulation bricks within the double wall structure. 
The external uranium cup is supported from below and is removed by lowering it into a 
sub-reactor room. 

Twelve uranium rods, eight for safety and four for control, enter the external uranium 
cup from below; these are driven by mechanisms mounted on the cup elevator and are 
scrammed out of the reactor by compressed springs and cushioned pneumatically. Shim 
control is provided by height adjustment of the external uranium cup. An 8-in.-diameter 
plug of natural uranium at the bottom of the external blanket serves as a safety by dropping 
out of the blanket. 

Around the reactor tank, a 19-in.-thick layer of graphite is built up as a reflector. This 
is extended out to effect the horizontal thermal column. Various experimental test and 
beam holes extend into and through the graphite. 


SHIELDING 


A steel thermal shield surrounds the graphite reflector. Around this is about 8'/ ft of 
concrete. The upper tank section is shielded by 2-in.-thick steel plates (drilled and 
broached to pass the fuel-elements) alternated with 814 -in. NaK-flooded spaces formed by 
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UNMODERATED HETEROGENEOUS REACTORS CHAP. 8.7 


spacer collars. The thermal columns are shielded by lead and laminated iron-masonite 
combinations. The experimental openings are shielded with appropriate plugs. The pri- 
mary NaK circuit is shielded by 31/ ft of concrete. 


FUEL HANDLING 


The internal rods are removed by withdrawing them upward into a lead coffin in an 
atmosphere of dry helium or nitrogen. The uranium cup is lowered into a sub-reactor 
room; it may then be removed to an adjacent shielded cell, provided with a remotely con- 
trolled crane, to disassemble the cup and place the bricks in suitable casks. 


COOLING SYSTEMS 


PRIMARY SYSTEM 


NaK alloy (22.5 percent sodium, 77.5 percent potassium) for the reactor is contained in 
an upper storage tank with a capacity of approximately 3,000 gal. The coolant flows from 
this tank by gravity to the entrance chamber above the reactor core. From here it flows 
downward past the uranium blanket rods and then back up through the core. It leaves the 
reactor from an outlet chamber directly above the inlet chamber, although the surface of 
the NaK is near the top of the tank shield plug where an overflow line is provided. After 
leaving the reactor, the alloy drops into an expansion tank from which it flows through the 
heat exchanger to a receiver tank. A DC electromagnetic pump delivers the NaK from the 
receiver tank back to the storage tank to complete the circuit. 


SECONDARY SYSTEM 


The secondary NaK system is not shielded. The alloy flows from the heat exchanger 
either to a finned-tube air cooler or to a super-heater and steam generator when power 
production is desired. 
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CHAPTER 8.8 
Graphite-moderated Homogeneous Reactors 


LOW-POWER RESEARCH REACTOR (LPRR) 


This reactor was designed specifically for private use, and accordingly the principle 
design emphasis was on safety. The reactor consists of a uraniym-impregnated graphite 
core with a graphite reflector. Each fuel-element block measures 4.187- by 4.187- by 
21 in. and is impregnated with uranium (~90 percent U?**), The blocks nave 1.25-in. - 
diameter axial holes so that they may be slipped over vertical, bayonnet-type cooling 
tubes, 1.25 in. in diameter and having '4-in. walls and ‘,-in. diametrical webs which di- 
vide the tubes into two chambers so that coolant may flow up one chamber and down the 
other. The 70 coolant tubes form an approximately circular pattern and are spaced on 
4.248-in.-centers in a square array. This allows 0.060-in. clearance for expansion be- 
tween the graphite blocks which slip over the tubes. Each coolant tube passes through two 
fuel-bearing blocks and two 24-in.-long plain-graphite blocks, one plain block above and 
one below the 42-in. active section to serve as top and bottom reflector, respectively. Ad- 
ditional odd-shaped blocks fill out the core assembly to form a 46-in.-diameter cylinder 
enclosed in a vacuum-tight 0.204-in.-wall aluminum tank. The bottom of the tank is made 
of three parallel 0.375-in. aluminum plates, 114 in. apart, forming inlet and outlet plenum 
chambers to which the double-chambered coolant tubes are appropriately welded. The 
coolant tubes are also welded to and support the top aluminum plate of the tank. Aluminum 
angles welded on the outside of the tank wall serve as stiffeners to prevent collapse of the 
tank when evacuated. At start-up, the tank is evacuated and then sealed under a helium 
atmosphere of 1 cm of Hg. The aluminum angles also support the transition reflector 
blocks which carry the circular cross section of the tank into the octagonal cross section 
of the reflector and shield. 


An axial sleeve, occupying the space provided by the omission of two adjacent fuel ele- 
ments, contains an unimpregnated graphite element flanked by two safety rods. The graph- 
ite element may be replaced with a standard fuel element to compensate for burn-up. Ona 
centered 15-in.-radius circle are sleeves for four shim rods. These, like the central 
thimble, are welded to the top and bottom of the tank. All sleeves are cooled by D,O cir- 
culated in ‘4-in. aluminum tubing welded to the corners of the sleeves. The regulator rod 
thimble is welded to the outside of the core tank. 

A steel support plate at the top of the tank is provided with lifting lugs so that the whole 
tank unit can be raised. A thin perforated-aluminum jacket around the unit keeps the 
transition reflector blocks in place on their supports. 

Around the core unit, graphite blocks are stacked permanently in the form of an octago- 
nal ring. These complete the 28-in. reflector. The reflector and the core tank rest on a 
steel bed-plate which is accurately leveled. Through this bed-plate pass the D,O coolant 
lines to disconnect joints in the sub-reactor room. 
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GRAPHITE-MODERATED HOMOGENEOUS REACTORS CHAP. 8.8 


SHIELDING 


No thermal shield is required for this reactor. The biological shield consists of heavy- 
aggregate concrete poured in 1/ -in. steel form plates. Stepped plugs are used for experi- 
mental openings. An access plug in the top shield, over the reactor tank, can be lifted out 
as a unit. The D,O system is located beneath the reactor and is shielded by 10-in. concrete 
walls. 


FUEL HANDLING 


The core tank is handled as a unit and is removed by removing the shielding access 
plug over the tank. A lead coffin is then inserted in the space provided by removal of the 
plug. After disconnecting the D,O coolant lines, the entire core assembly is drawn up into 
the coffin in which it is transported to a hot-cell disassembly area. This is expected to 
occur only after about 15 years of operation. 


COOLING SYSTEM 


D,O is pumped from the sump tank through the reactor, the heat exchangers, and back 
into the sump tank at a rate of 50 gal/min. Approximately 1 gal/min is by-passed through 
the ion-exchange columns for demineralization. Light water is pumped through the heat 
exchangers and a cooling tower at a rate of 138 gal/min as a secondary fluid. There is no 
treatment of the light water. 
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CHAPTER 8.9 


Light-water-moderated Homogeneous Reactors 


LOS ALAMOS WATER BOILER (SUPO) 


The core consists of a solution of uranium (88.7 percent U?**) as uranyl nitrate in water 
contained within (3.1 to 5 cm from the top) a stainless-steel sphere, 12 in. in diameter with 
a *4,-in. wall. This sphere also contains three 20-ft-long coils of 14-in.-OD by '4-in. -wall 
stainless-steel tubing in parallel for cooling water, a 1-in.-ID “glory hole” tube, and two 
reentrant thimbles to accommodate °/,.-in.-diameter control rods. Above the sphere and 
joined to it is a pipe (or stack) containing a water-cooled condenser as part of the recom- 
biner circuit through which air and decomposition gases are circulated. The inlet and out- 
let coolant tubes are welded into the upper half-shell, whereas the solution-transfer tube 
joins the bottom half-shell at its lowest point. The core is surrounded by the graphite re- 
flector, which extends out to form two opposite thermal columns. The cadmium-sheet con- 
trol rods enter the reflector vertically and are approximately tangent to the core. All rods 
scram into the reactor by gravity. 


SHIELDING 


Immediately around the reflector are layers of boron carbide, steel, and lead (except in 
the thermal columns which have bismuth windows). The shield is completed by poured con- 
crete. The region above the reactor core contains the recombiner assembly, and the shield- 
ing is pieced out around this with steel, lead, and borax paraffin blocks and canned limonite- 
mix. The fixed shield on one thermal column is made of boron carbide-paraffin and lead 
blocks supplemented with an internal boron carbide-paraffin shutter. The shield for the 
other thermal column is mounted on wheels and consists of canned limonite-mix, boron 
carbide-paraffin, lead, and steel. 


FUEL HANDLING 


A transfer flask is located in a shielded vault above the reactor. By evacuating this 
flask, solution is drawn into the flask through a tube joining it and the bottom of the reactor 
tank. Conversely, air pressure applied to solution in the flask drives it into the reactor 
tank. Appropriate valves in the transfer tank allow samples to be removed or permit com- 
plete unloading of the core by transfer to shielded flasks of one-liter capacity. 


COOLING SYSTEM 


Process water, under a static head of 60 ft, is filtered and used to cool the core solution. 
No provision is made for decay retention. 


RECOMBINER 


A 120 1/min centrifugal blower circulates air drawn through a stainless-steel-wool trap 
from the core tank through one of two catylyst chambers, an external condenser, and down 
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LIGHT -WATER-MODERATED HOMOGENEOUS REACTORS CHAP. 8.9 


through the stack of the core tank with its reflux condenser. Small bleed-valves permit 
fresh air to be admitted and cycled air to be discharged to an exhaust stack. The catalyst 
chambers contain platinized alumina pellets to recombine decomposed water. 


HOMOGENEOUS REACTOR EXPERIMENT (HRE) 


This is a light-water-moderated, heavy-water-reflected, circulating-fuel reactor de- 
signed to demonstrate the feasibility and to yield operational experience in the handling of 
such a system. A full, 50-liter spherical core, UO,SO, (~90 percent U?**) concentration = 
45 gm/liter, operates at 482°F and 1000 psi. A circulation of 100 gal/min through a 6-liter 
heat exchanger removes 1000 kw of heat in the form of 200-psi steam. Stainless steel is 
needed for all parts in contact with the fuel solution. 

The spherical shell has a */4¢-in. wall and will withstand internal pressures in excess of 
1000 psi if necessary. In operation, this shell is under a slight external pressure (about 20 
psi) since the enveloping reflector is maintained at a higher pressure than the fuel solution. 
The inlet pipe is welded to the core and introduces the fuel tangentially in the horizontal 
diametrical plane to rotate the liquid within the core. This centrifugal action causes the 
bubbles formed in the solution to move rapidly to the vertical axis where they are drawn 
off through a gas tube and conveyed to a recombiner, which operates at atmospheric pres- 
sure. 

The fuel outlet and the connection to the pressurizer are located at the top of the sphere, 
concentric to the gas outlet pipe. An outlet at the bottom of fhe core connects to the dump- 
tank system. This includes two dump-tanks, a heat exchanger, a pulsafeeder pump, an 
evaporator, a condensate tank, and finned water-to-air coolers for natural convection cool- 
ing of the material in the dump-tanks. Solution is pumped through the dump-tank circuit 
during normal operation at about 1 gal/min. This represents the working fluid for shim- 
ming by concentration variation. 

The pressurizer for the reactor core consists of a cylindrical tank mounted above the 
core with an interconnecting line between the two. There is little solution hold-up, and the 
vapor space above the liquid provides ample space for any sudden pressure surges. The 
pressure is maintained and controlled by the equilibrium temperature between the liquid 
and vapor. The liquid in the pressurizer is heated by thermal circulation through a small 
heater tank mounted beside and connected to the pressurizer. 

The reflector vessel is made of forged steel and designed (by ASME standards) for an 
internal pressure of 2000 psi, giving a total safety factor of 10 over the 1000 psi normal 
operating pressure. The cup for the pressure vessel supports the core, the pressurizer, 
and the control rods with their drive mechanisms. The lower part of the reflector tank is 
pierced by six instrument thimbles which extend in to the core tank. At the bottom of the 
reflector tank is the reflector outlet and dump line. 

The safety and shim rod controls consist of clad boral plate assemblies, curved into 
spherical segments coaxial with the vertical core axis. These scram into the reflector by 
gravity plus spring loading. The regulator rod is similar but consists of only one poison 
plate. 


SHIELDING 


The shielding is comprised of barytes-concrete blocks stacked to form compartments 
which contain the core, fuel-solution system, reflector system, and steam-generating 
system. The inner blocks also contain colemanite ore and are unmortared. For gas-tight- 
ness and stability, the outer blocks are mortared. Access to the components is provided 
by removable shield plugs above the assembly. 


1035 


REACTOR DESIGNS 


CHAP. 8.9 


pa3eunsy °e 


S8IISOIg Alia LENG WIV(OIg I0JIVIY snosussoOWwopy 


osét ‘9 Ame ‘ya19ag ‘dd gor 
‘ - ‘Axr0jyer0QGe a8 pt ‘y10day 
TITIQtIsBa JT JUDWUITIIGXY zo Desay BSNnosussowiozpy ° *° ° ° *° ° °° GYONAWAAAY 
Ohh ak 0 ee et be ee a ay ae oh te LNAWLSAFANI IVLIGVO 
2UuON aes ae ek ee SAILITIOVA TWLNAIWNIVAdXT 


(998)(,uI9)/UEe OT x BB°T " * TT TT °° aBeraae spewssyy 
Le SaILISNaG XNTI NOULNAN 
JuONn e e e e e e e e e e e e e e e e e e e e e o1jela uots Isaauoy 


oeee ee 8 © © © © © © © © © © © © © @ @ *(pauostod pue 30yu) JF? y 
So BOL RIOD SES STR Re AREA CR IP RE ae ee Re Oe oe 8 SOS 100) 5 
D./p-01 x 9- jnoqy be «eoeee?e# eee © @ e @ @ (aznjyezaduis}) y 
o © e © © © © © © © © © © © © © © © © © © © © * (pros pue uea[o) JF°y 
9° ynoqy oe e © © © © © © © © © © © © © © © @ (ptoo pue uea[>) Coy 
298 ¢-O1 XL cre ee ee ee eee ee 8 8 8 SUBTIaZIT UOIZH|SU yJdwWOoIdg 
eeeee ee ee ee ee © © © © © © © e ee © @ (ptoo pue uea[o) Butpiong 
guid €€ oe ee e© © © e © © © e@ © © © © © © @© © @ (ptoo pue uBa >) aBy 
ss se ee 8 ee 2 6 8 8 © (DTOD pue uBalo) parenbs yWBualT uotsnsstg 
Ee i I i a (pte? pue ueaq2) UOTZSTSTIYN [eWIsUL 
966 °0 eeee eee e© © © @ e@ @© @ e eo e e ode2sea aouBu0s]a Y 
e SOISAHd 
syue} duinp 0} uleiqg oe eee © @ © © © © © © © © © eo ee he SurBreyos1q 
wa3sAhs BZuryetnoaxrd our uoTzDafur dung **** +22 * © © BurBsey4D 


ONITAONVH TANS 
¥10°0O eee ef © © © © © © © © © 8 le e (ATuo spo.) aZueys AWAtTIIeIY 
yue} 9209 jo duinp YItNH 
yuey 10ZDaTJOI JO duinp YItnH 
IOJIITJaI ul 9109 OF [eIWUIZueEy 
‘squaugas [edtapuryAD Jo ULIO} JY? UT SJ299Y8 
je1oq ‘pelo [9938 ssarutwys yo Ayquissse - { *** °° 5° * 2 © Ajazesg 
IOJII[JaI ut 9105 0} 

[erqussue, ‘quawuBas yedtzpuryAdD e Jo uLI0;J Jy} 

UI JaaYs Te10Q ‘peTD [92938 BSaTUTeIS - | °° ee 8 se © © © TOZRTNBIY 

[PAZ] AOJPIITJaL JO uOTIVIIeA 

UOTVIJUDIUOD [anj JO UOTIVIIVA 

*1OJIITJarI UL 9IOD O02 [BIZUIZUBy 

‘gqusuZe8 [ewdtxpuryAD Jo WIIO}J ayy UT 839948 

[Tezoq ‘pel> [2936 ssatuteys jo Ajquissse- 7, °° °° °° * ° * * * wiryg 
S'TOULNOD 


MA -G2 28 Oe Se OS ee, es * (18303) paatnbaz samod Butdung 
ay ee oe eee rare: ce ee eo eo © 6 ayes Burdung 
ajqrdtyBan °° 8 8 8 8 * * 039891 YBnoIY4, doip ainssaid uotNios [an 7 
esd gooI° sss ests te ttt te 8 8 8 &) VANssaid JaqUT UOTINIOS [an FT 
TeIOH: FS Se Rw 8 Oe es Se 2INJVIZdUII3 JITINO UOTINIOS [an FT 
de LOP e3oc3eeeeee es © © © e e@ @ @ ° 22NnjIVradui3} JaTur uoTNnyos jan 7 
3109 ut GZ 8y/Mmy 009 moqy oe ee ee 8 oe 6 (aBerZAB) raMOd JIZtIadS 
Uear7or °-°cc° oo eo oe ee 6 6 e o(aBeraaAe) Ajtsusap 19M0g 
Bre sce seb ig Ss Ew a aes ron a aes aRecaT 
(u8tsap) my OZT IMOQY *- se ee Ft 8 8 8 8 8 & UNdyno zaMmOd [NJ28/ 
WR OOO. 0: 80 8S Re RE ee Is2mod 3Bdy [BIO] 
SNOILIGNOSD ONILVUYAdO 
1038I9USB-OgINn} WeI38 MY OGZ- 1 °° °° % 8 8% * UOTJNpOAd JaMOg 
siaSuwyoxa yeay ySnor1y3 OCG JO UOTIBINIAID ° ° * * Buljoos 10j,e1apow 
SaILIMOVa AUVITEXNV 
wis Burjood uoTzDaAUOD TeAMBVN °° se ee ee et tt 8 8 & Ayazes 
sduind Tapeajesind ‘uidB 1 - 2 
duind [e8njrajuad ‘ainjewie pa[eas 
VOOI I2POW ssnousuTss Mm Became oot = aS ce ee ee ee ee 8 e oduundg 
BSutissa201d yoIeq °° ° . oe 6 © © © JUSULIVIIZ JUBIOOD 
ide accede tek nt ROE as gh pec mT ee SEO EY 67 
Wa LSAS ONITOOD 
aitUulja pu] er  ° 2 8 & | atoA5 aBersay 
ayuyapuy «sss ee ee eee ee ee ee we we oe ee ow  dn-uing 
AwepjuB ty ynoqy °* * ss tee ee se ee ee ee ees uo1duinsuo4y 
BX 9°E OVL*ZiggeN °° 7787 7 8 8 8% * (TEI0I) TBIIsIVUL J[qQeuotIsSEI YT 
TWIYALVA SDIDALVULS 
yusIyayEe/ZBTx9OZXZes eset tt hh HH 8 8 8 T[BHTIAO 
az0Wl Pe) Yoru 3 L e e e e e ee e e e e e e e e e e e e e e e e e e Pprletus 
MOM “Ur Qr - 777777 27 2 8 FF FF Fe Fe ee ee eee 8 £0999 TFN 
aisyds GI ‘°ut gt ee i ee ASG | 
SNOISNAUWIG 
snoauas8owuozyy - ss se ee te eet hh ehh he hh hh ee TTR AOILLVWI 
232 z9u05D ga3Ar1eq pue [2916 * ss see ee ee ee oe ee 6 © partys 
sase3 39npoad uotssty puew uotjisoduiosag ° °° ° * azaydsouie 103989 y 
T9238 88 2TUTBIS ee eee ef © © © © e@ © © © © © 8 8 @ TetzsIeuw T@InzINI3S 
SUNN ° °° es ese he eh eh Hh eH FF ee ee 8 8 8 8 PRT IzeU s[Q4I39 7 
Jans Buyernoawy eo ss ee teeth ee ee ee ee ee JUBTOOD 
uoy ItTJaUI G*Q INMEQqY °° °° eee eo * 8 * * © JUaUBIIINbaI O2qd [e10L 
Ofgd -* rer ree 2 8 8 FF HHH HH He eH ee ee eo 8 LOIYIY 
OCH sc tert tt etre ee HH He ee Fe ee ee 8 LORBIDZPOW 
auOoN e e e e e e e e e e e e e e e e td ® e ® e e @ e e e soqny yUuBIONOY 
zajzem ut FOS ZON se By 1°Z 93.9°T *(%O6~) wNtUBIN © ef 8 8s fang 
STVIYUATLVW 
2661 ‘rady aouts uotze19do ul Pr ee oe ee ee ee ee er ee Sr Se ae | SOLWLS 
yejusuitzadxq - ss ses te tt tthe ee ee ee ee ee 8 8 CaAgOdUNd 
A10zB1OQeY TRuOIeN F8prwYAVRo ee rc°s ree 7 8 2 2% 8 8 * UOTJZIIdO 
Arox,eIOGYT TRUOTIBN aBptyyeo °° °° * 2 8 8 8 8 8 8% FS UOTIONAWUOD 
A103810Q eT TeuovjeNn a3pry > © i a u3Z1s32Q 
SNOILVZINVD UO ATAISNOdSAY 
seassouual ‘a3pry AVO 
Arozeroqey yeuonen aBpryyeoO ’ °° Tw T * * 8 NOILWOOT 


(AYH) JUOUIJIedxg 10};0¥aY SnosusZowIoH — 7'6'g 21qu.L 


1036 


LIGHT -WATER-MODERATED HOMOGENEOUS REACTORS CHAP. 8.9 


COOLING SYSTEM 


The fuel solution is pumped into the reactor core by a 100-gal/min centrifugal pump. 
From the core, the fuel passes through a heat exchanger and returns to the pump; about 1 
gal/min is circulated through the feed line. The off-gases are circulated through a con- 
denser, a flame recombiner, a catalytic recombiner, and final condensey; the condensate 
from the latter is returned to the dump tanks. The condensate from the first condenser is 
pumped into the fuel-circulating pump at about 1 gal/min to purge the bearings and reduce 
corrosion. 


MODERATOR COOLING SYSTEM 


D,O is pumped from the reflector tank outlet through a heat exchanger and back into the 
reflector tank at about 30 gal/min. Off-gases are circulated through a condenser, catalytic 
combiner, and a final condenser, the condensate being returned to the D,O feed-system 
which delivers about 1 gal/min to the circulating system. D,O enters the reflector tank at 
302°F and leaves it at 347°F. 


POWER CONVERSION SYSTEM 


The reflector heat exchanger preheats the boiler feed water from 125°F to 286°F at 200 
psi. The fuel solution heat exchanger delivers 3000 lb/hr of 200 psi saturated steam to the 
250-kw turbo-generators. When power is not being generated, the steam is by-passed di- 
rectly to the condenser. Building steam may also be bled off the high-pressure steam line. 
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Multiply 


cal (15°) 
cal (15°) 
cal (15°) 
ergs 
ergs 
ergs 

ev 

ev 

ev 

gm 


APPENDIX 


Table A.1— Conversion Factors 


By 


Energy 


6.59 x 1045 
1054.8 
2.930 x 1074 
3.929 x 10~¢ 
252 
2.6126 x 10'® 
4.1855 x 10! 
4.1855 
6.2421 x 101! 
107" 
2.3892 x 1078 
1.60203 x 107! 
1.60203 x 107!9 
3.8276 x 1072? 
5.6095 x 10°? 
8.9866 x 107° 
8.9866 x 1043 
2.1471 x 10% 
2.616 x 101° 
4.186 
1.163 x 107° 
1.559 x 107° 
3.969 x 107° 
1.677 x 10! 
2.684 x 10° 
0.7457 
6.413 x 10° 
2545 
6.25 x 10! 
2.778 x 107° 
3.722 x 107° 
0.2389 
9.480 x 1074 
6.2421 x 108 
1x 10! 
0.23892 
2.25 x 10! 
3.6 x 10° 
1.341 
8.60 x 105 
3.413 x 103 
1.6 x 1078 
4.44 x 1077° 
5.95 x 1072° 
3.82 x 107" 
1.517 x 107*6 


Time 


2.738 x 1073 
24 
1440 
8.640 x 104 
1.141 x 10~ 
0.04167 
60 
3600 


To obtain 


mev 
joules 
kw-hr 
hp-hr 
gm-cal 
ev 

ergs 
joules 
ev 
joules 
cal (15% 
ergs 
joules 
cal (15% 
ev 

ergs 
joules 
cal (15°) 
mev 
joules 
kw-hr 
hp-hr 
Btu 
mev 
joules 
kw-hr 
gm-cal 
Btu 
mev 
kw-hr 
hp-hr 
gm-cal 
Btu 

ev 

ergs 
cal (15°) 
mev 
joules 
hp-hr 
gm-cal 
Btu 
joules 
kw-hr 
hp-hr 
gm-cal 
Btu 


yr 
hr 
min 
sec 
yr 
days 
min 
sec 
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Table A.1— Continued 


1042 


Multiply By To obtaia 
Time 
min 1.901 x 107° yr 
min 6.944 x 10 days 
min 1.667 x 107? hr 
min 60 sec 
sec 3.169 x 107° yr 
sec 1.157 x 107° days 
sec 2.778 x 1074 hr 
sec 1.667 x 107? min 
yr 365.26 days 
yr 8766 hr 
yr 5.260 x 105 min 
yr 3.156 x 107 sec 
Length 
cm 0.01 m 
cm 3937 in. 
cm .03281 ft 
ft 3048 m 
ft 30.48 cm 
ft 12 in. 
in. 0.0254 m 
in. 2.54 cm 
in. 0.0833 ft 
meters 100 cm > 
meters 39.37 in. 
meters 3.281 ft. 
microns 10-6 meters 
microns 10-4 cm 
microns 3.937 x 1075 in. 
microns 3.281 x 107° ft 
Volume 
cu cm 1076 m? 
cu cm 6.102 x 107? in.? 
cu cm 2.642 x 107 gal 
cu cm 3.531 x 1075 ft? 
cu cm 1.308 x 10-° ya? 
cu ft 2.832 x 107? m3 
cu ft 2.832 x 104 cm? 
cu ft 1728 in.? 
cu ft 28 .32 liters 
cu ft 3.704 x 107? ya 
cu ft 7.481 gal 
cu in. 1.639 x 1075 m? 
cu in. 16.39 cm? 
cu in. 5.787 x 10-4 ft? 
cu meter 1x 10° cm? 
cu meter 6.102 x 104 in.® 
cu yd 7.646 x 10° cm 
cu yd 27 ft® 
cu yd ~ 164.6 liters 
cu yd 202 — gal 
gal 3785 cm? 
gal 0.1337 ft? 
gal 3.785 liters 
gal 4.951 x 107° ya 
liters 1000 cm? 


APPENDIX 


Table A.1— Continued 


Multiply By To obtain 

Volume 
liters 3.531 x 107? ft? 
liters 1.308 x 107° ya° 
liters . 0.2642 gal, 

Angular displacement 
deg 1.745 x 107? rad 
deg 2.778 x 107° rev 
rad 57.3 deg 
rad 0.1592 rev 
rev 360 deg 
rev 6.283 rad 
Pressure 

atm 76 cm Hg 
atm 1033 gm/cm? 
atm 2177 lb/ft? 
atm 14.70 lb/in.? 
cm Hg 1.316 x 107? atm 
cm Hg 13.6 gm/cm? 
cm Hg 27.85 lb/ft? 
cm Hg 0.1934 lb/in.? 
gm/cm? 9.678 x 1074 atm 
gm/cm? 7.356 x 1072 cm Hg 
gm/cm? 2.048 lb/ft? 
gm/cm? 1.422 x 107? lb/in.? 
lb/ft? 4.725 x 107¢ atm 
lb/ft? 3.591 x 107? cm Hg 
lb/ft? 0.4882 gm Am? 
lb/ft? 6.944 x 107° Ib/in.? 
lb/in.? 6.804 x 107? atm 
lb/in,? 5.171 cm Hg 
lb/in.? 70.3 gm/cm? 
lb/in.? 144 lb/ ft? 

Density 
gm/em3 1 x 10° gm/liter 
gm/cm? 62.43 lb/ ft? 
gm /liter 1x 107° gm/cm? 
gm /liter 6.243 x 107? lb/ft? 
lb At 1.602 x 107 gm/cm$ 
lb Att’ 16.02 gm/liter 

Thermal conductivity 

Btu/ (hr) (°F) (ft) 4.134 x 1078 gm-cal/(sec) (*C)(cm) 
Btu/ (hr) (°F) (ft) 12 Btu/(hr) (°F) (ft?/in.) 
Btu/ (hr) (°F) (ft?/in.) 3.44 x 10 gm-cal/(sec) (*C) (cm) 
Btu/ (hr) (°F) (ft?/in.) 8.33 x 107? Btu/ (hr) (°F) (ft) 
gm-cal/(sec) (°C) (cm) 241.9 Btu/ (hr) (°F) (ft) 
gm-cal/(sec)(*C)(cm) 2903 Btu/(hr) (°F) (ft?/in.) 
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Table A.2—Selected Physical Constants of the Elements 


Thermal-neutron 
absorption 

cross section, 
barns /atom 


0.215 
6.4 
0.62 
4.1 


1.17 
0.0090 


0.0068 0.1664 x 10°* 


0.330 0.08375 x 10~* 


near 20°, 
gm/om’ 


Density 


1.6626 x 107? 


5.73 
3.5 
—1.85 


9.80 
2.3 
3.12 


13.36 


8.76 


0.8387 x 107° 


1,2 
» > eS f 
| | # 3s & 
—| ~ 
= 8 ak 286 
1,600 wid gee 
600.2 2,327 0.215 
630.5 1,440 0.049 
—189.4 —185.8 .125 
814 610 .082 
704 1,640 .068 
1,315 2,970 43 
271 | 1,627 29 
2,000—2,300 2,550 -263 
—7.2 §8 -070 
321 765 .055 
850 1,440 149 
3,700 4,830 165 
780 2,420 043 
28 690 052 
-101 -3H.7  ~=.116 
1,890 2,500 11 
1,495 2,900 102 
2,415 ose .065 
1,083 2,600 092 
1,400 ° 
>1,440 ° e e e 
— 223 —-188.2 0.18 
~1,200 os 
29.78 2,070 0.079 
958 eee 073 
1,063 2,970 .031 
2,130 eee .035 
~1,200 eee ° 
156.4 ios 0.057 
114 183 052 
2,454 5,300  .031 
1,539 2,740 ell 
-—157 -—152 ee0e 
866 4,340 0.048 
327.4 1,740 031 
186 1,370 9 
650 1,120 0.25 
1,245 2,150 115 
— 38.87 357 033 
2,622 4,804 .061 
820 ee -046 
— 248.6 — 246.0 e 


linear thermal 
20°C, per °C x 10°* 


Coefficient of 
expansion near 


near 20°C, 
cal A sec)(cm)(‘C) 


Thermal 
conductivity 


0.503 


0.045 
0.406 x 10~* 


0.172 x 10 
0.16 
165 


0.71 


3.32 x 10~¢ 


4.06 x 107¢ 
0.057 
10.4 x 10°* 


0.14 
18 


0.21 x 10 
0.083 
17 


2.655 
39.0 


53.4 
89,000 
2.19 
32.7 


8.37 

1.3 x 10% 
5.3 
9.71 


65-75 
20.65 
8.55 


4.46 
185 
94.1 


5.17 
70 


Electrical 
resistivity, 


microhm-cm 


(20°C) 


(0°C) 


(0°C) 


(0°C) 


(0°C) 
(0°C) 


(18°C) 


(0°C) 
(0°C) 
(20°C) 
(0°C) 


(28°C) 
(0°C) 
(18°C) 


(20°C) 


(0°C) 
(0°C) 
(0°C) 
(0°C) 


(0°C) 
(20°C) 
(20°C) 
(20°C) 


(20°C) 
(20°C) 
(0°C) 


(20°C) 
(20°C) 
(0°C) 


(0°C) 
(20°C) 


% 


Crystal 


Goldschmidtt 
atomic radius, A 


Element 


Nickel 


Nitrogen 
Osmium 


Oxygen 
Palladium 


Phosphorus (yellow) 


Platinum 
Plutonium 


Polonium 
Potassium 
Praseodymium 
Protactinium 


Strontium 
Sulfur (yellow) 
Tantalum 
Tellurium 


Terbium 
Thallium 
Thorium 
Thulium 


Tin 
Titanium 
Tungsten 
Uranium 
Vanadium 
Xenon 
Ytterbium 
Yttrium 


Zinc 
Zirconium 


Thermal-neutron 
absorption 
cruss section, 


barns /atom 


1.06 
0.18 


1.1649 x 107° 
22.5 
1.3318 x 107° 


6.1 
5.495 x 107° 
7.01 
5.51 


7.133 
6.5 


APPENDIX 


Table A.2— (Continued) 


point 


1,455 
—210.0 
2,700 
—218.8 


1,554 
44,1 
1,773.5 

632 


5,500 
— 183.0 
4,000 
280 
4,410 
3,235 


912 
770 
3,020 


—61.8 


4,500 


Specific heat 
near 20°C, 
cal/(gm)(°C) 


0.0915 


linear thermal 


expansion near 


Coefficient of 


50.3 x 10°* 


24.4 


39.7 
§ 


20°C, per °C x 10°* 


conductivity 
near 20°C, 


Thermal 


0.27 
2057 


cal/(sec)(cm)(°C) 


:: 
ay 
a ZS 
a2 
 , 
6.84 (20°C) 
“9.5 (20°C) 
10.8 (20°C) 
10" (11°C) 
9.83 (0°C) 
140 eee 
6.15 (0°C) 
75 (20°C) 
43 (0°C) 
12.5 (20°C) 
7.6 (0°C) 
10° (0°C) 
1.47 (10°C) 
4.2 (0°C) 
23 (20°C) 
2x10 (20°C) 
12.4 (18°C) 
2x10° (19.6°C) 
18 (oc) 
18 (20°C) 
11.5 (20°C) 
48 (20°C) 
5.5 (20°C) 
25-50 (25°C) 
25 (20°C) 
§.916 (20°C) 
41.0 (0°C) 


a 
a 


*FCC = Face-centered cubic; R = Rhombobedral; BCC = Body-centered cubic; CPH = Close-packed hexagonal; O =Orthorhombic; H = Hex- 
agonal; T = Tetragonal; DC = Diamond cubic; OFCO = One-face-centered orthorhombic; M = Monoclinic; BCT = Body-centered tetragonal 
tFigures in parentheses are one-half the smallest interatomic distances 


¢Complex cubic 


$Probably monoclinic with 8 = 92° 
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Table A.3— Thermal-neutron Absorption Cross-section of the Elements Arranged in Order of 


Z Element 
1 H 
2 He 
3 Li 
4 Be 
5 B 
6 C 
7 N 
8 O 
9 F 

10 Ne 

11 Na 

12 Mg 

13 Al 

14 Si 

15 Pp 

16 Ss 
17 Cl 
18 A 
19 K 
20 Ca 
21 Sc 
22 Ti 
23 V 
24 Cr 
25 Mn 
26 Fe 
27 Co 
28 Ni 

29 Cu 

30 Zn 

31 Ga 

32 Ge 

33 As 

34 Se 

35 Br 

36 Kr 

37 Rb 

38 Sr 

39 Y 

40 Zr 
41 Nb 


Barns/atom 
Value 
0.330 +0.007 
.0068 eeu 
67 +2 
0.0090 +0.0005 
750 +10 
0.0045 aac 
1.78 +0.05 
<0.0002 were 
<.010 oe 
<2.8 bes 
0,49 £0.02 
.059 +.004 
e215 +,008 
13 +,03 
19 +.03 
49 +,02 
31.6 +] 
0.62 +0.04 
1.97 +,06 
0.43 +,02 
13 +2 
5.6 +0.4 
4.7 +,2 
2.9 +,1] 
12.6 +.6 
2.43 +.08 
34.8 +2.0 
4.5 +0.2 
3.59 +,12 
1.06 +,05 
2.71 +,.12 
2.35 +,20 
4.1 +.2 
11.8 +.4 
6.5 +,5 
28 £5 
0.70 +£0.07 
1.16 +.06 
1.38 +.14 
0.18 +.02 
1.1 +.1 


Atomic Number 


(Neutron Cross Sections, AECU 2040) 


Uncertainty’ Cm*/gram 


0.198 
00102 
5.8 
0.00060 
42 
0.00022 
.076 


<.0000075 


<.00032 

<.084 
.0128 
.00146 
.0048 
.0028 
.0037 
0092 
.04 
.0094 
030 
0065 
173 
.070 
.055 
.033 
139 
026 
03D 
046 
034 
0098 
023 


Z Element 
42 Mo 
43 Te 
44 Ru 
45 Rh 
46 Pd 
47 Ag 
48 Cd 
49 In 
50 Sn 
51 Sb 
52 Te 
53 I 
54 Xe 
55 Cs 
56 Ba 
57 La 
58 Ce 
59 Pr 
60 Nd 
61 Pm 
62 Sm 
63 Eu 
64 Gd 
65 Tb 
66 Dy 
67 Ho 
68 Er 
69 Tm 
70 Yb 
71 Lu 
12 Hf 
73 Ta 
14 WwW 
75 Re 
76 Os 
17 Ir 
78 Pt 
79 Au 
80 Hg 
81 Tl 
82 Pb 
83 Bi 


Barns /atom 
Value 
2.4 +0.2 
2,46 +0.12 
150 £7 
8.0 $1.5 
60 +3 
2400 +200 
190 10 
0.65 +0.05 
6.4 +1.0 
4.5 +0.2 
6.7 +.6 
35 
29.0 1.5 
1.17 +0.10 
8.9 +,3 
0.70 +.08 
11.2 +.6 
44 +2.0 
6500 +1000 
4500 +500 
44000 +2000 
44, +4 
1100 +150 
64 +3 
166 +16 
118 +6 
36 4 
108 +5 
115 +15 
21.3 +1.0 
19.2 +1,0 
84 4 
14.7 +0.7 
440 +20 
8.1 +0.4 
a4 +] 
380 +20 
3.3 +0.5 
0.17 +.01 
032 +.003 


Uncertainty Cm?/gram 


0.0151 

0.0146 
88 
.045 


.00050 
.000092 
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Table A.4— Thermal-neutron Absorption Cross-section of the Elements Arranged in 
Order of Increasing Cross-section 


(Neutron Cross Sections, AECU 2040) 


Element Z Cm’/gram  Barns/atom Element Z Cm*/gram  Barns/atom 
O 8 0.0000075 <0.0002 Ni 28 0.046 4.5 
Bi 83 -000092 032 Os 76 .047 14.7 
C 6 .00022 0045 Pr 59 .048 11.2 
F 9 .00032 010 Br 35 .049 6.5 
Pb 82 -00050 17 V 23 .055 4.7 
Be 4 -00060 0090 WwW 74 063 19.2 
He 2 .00102 .0068 Ti 22 070 5.6 
Zr 40 .00119 018 Ta 73 071 21.3 
Mg 12 00146 .059 N 7 .076 1.78 
Si 14 .0028 13 Ne 10 .084 <2.8 
Ce 58 .0030 .70 Se 34 .090 11.8 
Sn 50 .0033 65 Yb 70 .125 36 
Pp 15 0037 19 Cs §5 132 29.0 
Al 13 .0048 215 Mn 25 139 12.6 
Rb 37 .0049 00 Xe 54 161 35 
Ba 56 .0051 1.17 Tb 65 166 44 
Ca 20 0065 0.43 Sc 21 173 13 
Nb 41 0071 1.1 Nd 60 183 44 
Sr 38 0080 1.16 H 1 198 0.330 
s 16 .0092 0.49 Kr 36 -20 28 
Y 39 .0094 1.38 Ho 67 | 64 
A 18 .0094 0.62 Re 75 iy 4 
zn 30 0098 1.06 Au 79 29 94 
Tl 81 0098 3.3 Ag 47 34 60 
Na il 0128 0.49 Co 27 230 34.8 
Ru 44, .0146 2.46 Lu 71 ot 108 
Mo 42 .0151 2.4 Hf 72 .39 115 
Ge 32 .0195 2.35 Tm 69 42 118 
Te 52 021 4.5 Cl 17 04 31.6 
Ga 31 .023 2.71 Er 68 -60 166 
Pt 78 025 8.1 Rh 45 .88 150 
Fe 26 .026 2.43 In 49 1.00 190 
K 19 030 1.97 Hg 80 1.14 380 
I 53 032 6.7 Ir 17 1.37 446 
Sb 51.032 6.4 Dy 66 4.1 1100 
Cr 24 .033 2.9 Li 3 5.8 67 
As 33 .033 4.1 Cd 48 12.8 . 2400 
Cu 29 .034 3.59 Eu 63 17.9 4500 
La 57 .039 8.9 Sm 62 26 6500 
Pd 46 045 8.0 B 5 42 750 
Gd 64 169 44000 
Table A.5—Corrosion Conversion Factors 
Multiply By To obtain 

mg/(cm*)(mo) 100 mg/m’) (mo) 

mg/(cm*)(mo) 3.3 mg/ (dm?) (day), [mdd] 

mg/ (cm?) (mo) 0.0047 in. penetrauon per year, (ipy) 

mg/ (cm?) (mo) 4.7/Density mils/year 

mg/ (cm?) (mo) 0.39/Density mils/mo 

mg/(dm?)(mo) 0.01 mg/(cm?)(mo) 

mg/ (dm*) (day) 0.33 mg/ (cm?) (mo) 

in. penetration per year 2.1 x 10° x density mg /(cm*)(mo) 


1047 


Digitized by Google 


Index 


1049 


Digitizaa by Google 


INDEX 


Absorbing rods, 733 
Absorption, of helium, into fats, 498 
Abundance of helium, 496 
Acidity, of thorium nitrate, 642 
of uranyl fluoride solutions, 585, 591 
Activation of oxygen, 235 
Activity, in helium stream, 496-498 
in pumps and heat exchangers, 746 
water, calculation of, 235-238 
Activity coefficient of aqueous thorium nitrate, 
650 | 
Aerodynamic factors in gas dispersion, 484-486 
Age, 520 
Air, composition of, 386 
cooling, induced activity in, 483-496 
density of, 382, 850 
entropy of, 383 
heat capacity of, 391 
internal energy of, 384 
Mollier diagram for, 390 
neutron cross section of, 371 
Prandtl number for, 382, 391 
pressure of, 385 
properties of, 382-391, 399-407 
specific heat of, 382, 389, 850 
at constant pressure, 388 
at constant volume, 387 
specific-heat ratio for, 402 
thermal conductivity of, 382, 391, 850 
viscosity of, 382, 391, 850 
empirical correlation for, 406, 407 
Alloying reaction, aluminum—uranium, 455 
Aluminum, 198-208, 451 
corrosion of, effect of alloying on, 203-207 
couple effect on, 203, 208 
effect of irradiation on, 208 
by NaOH, 841 
protection against, 208 
in water, 200-208 
interface temperature, 455 
Aluminum fluoride, vapor pressure of, 839 
Aluminum oxide, corrosion by NaOH, 846, 847 
Aluminum oxide—aluminum mixtures, corrosion 
by NaOH, 847 
Aluminum oxide diffusion barrier, 453 


Aluminum oxide —magnesium oxide mixtures, 
corrosion by NaOH, 846, 847 
Aluminum-silicon bonding of fuel elements, 453 
Aluminum-uranium alloying reaction, 455 
Alundum (see Aluminum oxide) 
Analysis, of NaK, 293 
of sodium, 293 
Analytical methods for transients, 152 
(See also Lifetime, finite-difference solution) 
Angle of view, in mirror systems, 888, 889 
in periscopes, 892, 893 
through windows, 885 
Annuli, forced-convection heat transfer through, 
basic equations for, 45, 47-49 
single-phase-flow pressure drop in 55, 58-61 
Anodic coating on aluminum, 452 
Anodized film, 458 
Aqueous fuels, composition of, 509-510 
Aqueous homogeneous reactors, advantages of, 
507-508 
characteristics of, 507-510 
control of, 679-685 
power densities of, 507 
problems of, 508-509 
Aqueous homogeneous systems, neutron chain 
reactions in, 511-553 
Aqueous slurry systems, properties of, 659-671 
Aqueous-solution reactors, 701 
Arc welding, 453 
Area, exclusion, for safety, 745 
Argon, 483 
as beta-gamma emitter, 493 
beta radiation from, 493 
gamma radiation from, 496 
in helium, 496, 497 
Argon-41 emission in Brookhaven reactor, 483- 
484 
Argonne Heavy Water Reactor, 1015-1017 
cooling system, 1017 
design data, 1016 
fuel~element design, 242 
neutron generation time, 143 
shielding, 1017 
temperature coefficient of reactivity, 144 
water decomposition in, 188-189 
Argonne Research Reactor, 1017-1020 
cooling system, 1020 
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Argonne Research Reactor, design data, 1019 
fuel elements, 1017-1018 
design, 244 
neutron generation time, 143 
shielding, 1018 
temperature coefficient of reactivity, 144 
Auxiliary equipment, 359, 360-361 


_B 


Bare reactors, 522-523 
effect of temperature on critical concentration, 
523 
spherical, one-group equation for criticality 
of, 511-512 
Barium hydroxide, corrosion of metals and 
alloys by, 848 
heat capacity of, 848 
melting point of, 848 
strontium hydroxide system, constitution 
diagram of, 823 
Barium sulfate, growth in reactor, 622 
precipitation time in homogeneous reactor, 
622 
solubility of, in uranyl sulfate, 633-634 
in water, 633 
Basic cycle equation, 312 
Basic equations, for forced-convection heat 
transfer, 45, 47-50 
through pipes, noncircular ducts, and annuli, 
45, 47-50 
through randomly packed spheres, 50 
across single cylinder, flow normal to axis, 
49-50 
across tube banks, flow normal to axis, 
47, 49 
flow parallel to axis, 47 
for free-convection heat transfer, 43, 45, 46 
Bearings, 325-329 
anti-friction, 327-329 
journal, 325-327 
Bellows, corrosion of, 791 
life, 791 
effect of temperature on, 791 
tests, 791 
Bellows-type valve, 791 
Bend losses, pressure-drop system calculations 
for, 66, 68-70 
Beryllium, corrosion in water, 208-209 
Beryllium fluoride, vapor pressure of, 839 
Beryllium fluoride—lithium fluoride system, 
constitution diagram of, 825 
Beryllium fluoride—sodium fluoride system, 
constitution diagram of, 826 
Beryllium oxide crucible, corrosion by NaOH, 
847 
Beta-gamma emitter, argon as, 493 
Beta radiation from argon, 493 
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BGRR (see Brookhaven Graphite Research 
Reactor) 
Bismuth, molten, 793 
physical properties of, 773 
polonium formed from, 747 
pumping of, 789 
solubility of uranium in, 746 
Bismuth-lead-tin-uranium system, isothermal 
section of, 765 : 
Bismuth-lead-uranium system, 760, 761, 763 
isothermal section of, 761, 763 
Bismuth-sodium-uranium system, 760, 765 
Bismuth-thorium system, phase diagram of, 
769 
Bismuth-tin-uranium system, 760, 763, 764 
isothermal section of, 763-764 
Bismuth-uranium system, 758-760 
phase diagram of, 758-759 
Blanket, breeder (see Breeder blanket) 
ThF,, 747 
thickness, 536, 537-538 
Blanket concentration, 536 
Blanket power, effect on breeding gain, 546 
-and higher isotopes, 536, 541-542 
Blower power, reactor, 477 
Blowers, 475 
Boiling heat transfer, 50-52 
Boiling point, of aqueous thorium nitrate, 649, 651 
of elements, 1044-1045 
of uranyl] nitrate, 594 
Boiling reactors, heat removal from, 7 
kinetics, 551-552 
power removal from, 698 
vapor formation, 551 
Bonding, aluminum-silicon, of fuel elements, 
453 
Borescopes (see Periscopes) 
Boron, addition to thermal shield, reduction of 
secondary gammas by, 118, 119 
corrosion by NaOH, 842 
Boron carbide, corrosion by NaOH, 847 
Boundary conditions, 513 
Brass, corrosion by NaOH, 842 
Breeder blanket, 513 
processing of, 854-856 
(See also Reactor breeder blankets) 
Breeder reactors, fuel systems, 805, 809 
moderators, 809 
Breeding gain, 513, 536 
effect of breeder size on, 536 
Bronze, corrosion of, by NaOH, 842 
in water, 210 
Brookhaven Graphite Research Reactor, 997-1000 
cooling system, 999-1000 
design data, 998 
fuel handling, 999 
shielding, 999 
A“! emission from, 483-484 
BSR (see Bulk Shielding Reactor) 


INDEX 


Bubbles, 746 
Build-up, in core, of U2, 517 
of U5, 518 

of higher isotopes, 514-519 
from thorium, in blanket, 514 
from U?", 514-515 
from U?*5 fuel, 516-517 

Bulk Shielding Reactor, 1012-1014 
cooling system, 1012 4 
design data, 1013 
fuel elements, 1012 
shielding, 1012 

Buoyancy effect, 485 


Cc 


Cadmium sulfate, solubility of, in uranyl sulfate, 
637-638 
in water, 637 
Calcium oxide, corrosion by NaOH, 847 
Calculation, methods of, 511-512 
for 50-mw exchanger, 697 
of water activity, 235-238 
Calking compound for sealing filters, 499 
Canning, 451-453 
Carboloys (see Tungsten carbide) 
Carbon dioxide, heat capacity of, 398 
Prandtl number for, 398 
properties of, 396-407 
specific-heat ratio for, 402 
thermal conductivity of, 398 
viscosity of, 398 
empirical correlation for, 396-407 
Casings, 469 
Catalytic recombiner, 705-707 
Caves (see Hot laboratories) 
Cells (see Hot laboratories) 
Central transverse gap, effect on critical size, 
466 
Ceramics, corrosion of,.by NaOH, 846, 847 
Ceric sulfate, solubility of, in uranyl] sulfate, 
630-631 
in water, 630-631 
Cerium, corrosion by NaOH, 842 
Cesium sulfate, solubility of, in uranyl sulfate, 
628-629 
in water, 628 
CH,, specific-heat ratio for, 402 
C.H,, specific-heat ratio for, 402 
Chain reactions, neutron, in aqueous homogeneous 
systems, 511-553 
Chambers, B’® type, 946 
cables and mountings, 969 
circuit considerations, 969-971 
compensated, 960-961 
current, 948, 952-954 
for neutron detection, 948-963 
fission, 733, 948 


Chambers, fission current, 948, 957, 959 
gamma, 948 
graphite, 733 
location and range, 969 
safety, 733 
Channels, friction factor for, 58, 59 
gas-filled ionization chamber, 975, 977-981 
non-circular, single-phase-flow pressure 
drop in, 55, 58-61 
pressure drop for, friction factor in, 58, 60 
relative roughness for, 58, 59 
Charcoal, activated, helium filtration through, 498 
Charcoal filter, 498 
Chemical decay, 514 
Chemical loss, 516 
Chemical processing, of thorium blanket, 514 
Chemical properties, of uranyl fluoride, 581 
of uranyl sulfate, 555-573 
Chemical stability of gas coolants, 480 
Chicago Pile No. 1, 991-992 
design data, 992 
fuel elements, 991 
fuel preparation, 991 
Chicago Pile No. 2, 991, 993-994 
design data, 993 
fuel elements, 991 
fuel preparation, 994 
reactor atmosphere, 994 
shielding, 994 
Chlorides, constitution diagrams of, 815-817 
eutectic compositions of, 810, 828-829 
as fuels for fast reactors, 807, 809 
irradiation of, 838 
melting points of, 810, 828-829 
phase studies of, 810, 815-818 
(See also Reactor coolants, fused-salt; Reactor 
fuels, fused-salt; and under specific com- 
pounds and systems) 
Chromel (see Chromium-nickel alloys) 
Chromium, corrosion of, by NaOH, 841, 843 
in water, 209 
Chromium alloys, corrosion by NaOH, 842 
Chromium-nickel alloys, corrosion by NaOH, 
841, 843 
Circuit amplifiers, 971 
Circuits, basic, 975 
counter, 971 
counting-rate, 975 
log counting rate, 975, 976 
logarithmic amplifier, 979, 980 
period, 975 
period amplifier, 979, 981 
power supply, 979 
Circulating system, external, 469 
Clad fuel elements, 194 
Clementine (see Los Alamos Fast Reactor) 
Coatings, 451 
Cobalt, corrosion of, by NaOH, 841 
in water, 209 
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Cobalt alloys, corrosion of, by NaOH, 841-843 
in water, 209-211 


couples of high corrosion resistance, 210, 211 


Coefficient of linear thermal expansion, of 
elements, 1044, 1045 


Coefficient of reactivity, negative temperature, 


for liquid fuel, 745 
Collisions to thermalize neutrons, 806 
Colmonoy (see Nickel alloys) 
Columbium, corrosion by NaOH, 842 
Complexes, uranyl carbonate, 607 
Composition, of air, 386 
of filters, 501 
Compressors, 469 
Concentration, critical, 691 
Concentration control, HRE, 736 
Configuration, reactor, 691-699 
basic, 691 
Constantan (see Copper-nickel alloys) 
Constants, for heavy water, 519 
nuclear, 519-521 
for ThO,-D,O slurry, 519 
for U?** producers, 519 
uranium, 516 
Construction of hot laboratories, 909-923 
Construction materials, 2 
activation of, 721 
Contamination of pumps and heat exchangers, 
747 
Contraction, 427 
Contraction losses, pressure-drop system 
calculations for, 64, 66, 67 
Control, of aqueous homogeneous reactors, 
679-685 
concentration, 679 
dumping fuel, 681 
enrichment, 680-681 
heat removal, 681 
reflector-level, 681 
by soluble poisons, 105 
by temperature coefficient, 105 
Control elements, 322 
effect on power distribution, 99 
methods of control, 322 
types of, 322 
Control mechanism, pressure in, 681 
Control methods, nonmechanical, 679-681 
Control rods, calculation methods for, 99, 114, 
117 
cell calculations, 100 
channels, effect on flux distribution, 103-104 


cross type, flux distribution around, 102, 103 


distortion of, 167 


eccentrically located, calculation methods for, 


100-102 
effect on power distribution, 99 
heat generation in, 113 
in MTR, 114 


noncircular, methods of calculating, 102, 103 
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Control rods, Nordheim-Scalettar calculations, 


100-102 
partial insertion of, 102 
tip effect, 114 


Control system, 926, 927 
Convection in boiling reactors, 697 
Conversion factors, angular displacement, 1043 


corrosion, 1047 
density, 1043 
energy, 1047 
length, 1042 
pressure, 1043 
thermal conductivity, 1043 
time, 1041-1042 
volume, 1042-1043 
Conversion ratio, 513, 533, 535 
in bare reactors, effect of temperature on, 
523 
Converter, two-region U**, build-up of higher 
isotopes in, 518-519 
Converter reactors (see Breeder reactors) 
Coolant activity, water calculation of, 235-237 
Coolant, comparison of pumping-power require- 
ments, 773-777 
properties of, 772, 777 
equations for, 477 
physical, 772, 777 
radioactivity in, 483-502 
(See also Reactor coolants, fused-salt, and 
Reactor moderator-coolants, fused-hydroxide) 
Cooling, forced-convection, 697 
of helium, 498 
of solid-fuel reactors, design criteria for, 
130-133, 138-139 
design limitations for, 130-132, 138-139 
heat balance in, 123 
hot-spot factors in, 135-137 
macroscopic study of, 123 
methods of improving reactor performance, 
138-139 
microscopic study of, 125, 126 
relation between design limitations and 
variables, 133-139 
simple fuel-element geometries, 127, 128 
steady-state heat removal, 123-139 
temperature distribution in simple fuel 
geometries, longitudinal, 133, 134 
transverse, 126-130 
thermal-resistance concept, 127 
thermal-resistance formulae, 127, 129 
modified, 129-130 
transient heat removal, 141-164 
Cooling-efficiency index of gases, 480 
Cooling system, Argonne Heavy Water Re- 
actor, 1017 
Argonne Research Reactor, 1020 
Brookhaven Graphite Research 
Reactor, 999 
Bulk Shielding Reactor, 1012 


INDEX 


Cooling system, Daniels Power Pile, No. II, 1003 
Experimental Breeder Reactor, 1027 
Homogeneous Reactor Experiment, 1037 
Los Alamos Fast Reactor, 1025 
Los Alamos Water Boiler, 1033 
Low-Intensity Training Reactor, 1011 
Low-Power Research Reactor, 1031 
Materials Testing Reactor, 1008-1009 
ORNL Graphite Reactor, 996 

Copper, and alloys, corrosion in water, 210-211 
corrosion of, by Ba(OH)., 848 

by NaOH, 841, 843 
by Sr(OH)., 848 
Copper-nickel alloys, corrosion by NaOH, 842 
Copper oxides, corrosion by NaOH, 847 
Core diameter, 536 
Core shell, effect on breeding gain, 545 
Core structures, reactor, thermal stress in, 169 
Core tank materials, properties of, 695, 696 
Correlations, thermal-conductivity, for gases, 
405 
Corrosion, 295-307 
of aluminum jacket, in air, 460 
by aqueous thorium nitrate, 642 
by bismuth, 302, 303 
of construction materials, in water, 194, 
198-201 
conversion factors, 1047 
definition of, 193 
evaluation of data, 295 
of fuel materials, in water, 198-201 
by lead, 295, 302-303 
by lead-bismuth, 295, 302-303 
by liquid metals, 295-297 
by lithium, 295, 299 
mass-transfer, 793 
by mercury, 295, 300 
by NaK, 295-298, 301, 305 
by sodium, 295-298, 301, 304-307 
of stainless steel, in water, effect of nitriding 
on, 224 
in water, 193-233 
alloying for improving resistance, 203, 204, 
228, 229 
in water, crevice effect, 197-198 
effect of corrosion products, 195 
effect of gases, 195 
effect of hydrogen, 195, 222 
effect of impurities, 195, 229 
alloying elements, 203, 228 
gases dissolved in coolant, 195 
hydrogen dissolved in coolant, 195 
insoluble particles in coolant, 195 
oxygen dissolved in coolant, 195 
soluble salts in coolant, 196 
effect of oxygen, 195, 214, 222, 229 
effect of pH, 196, 200, 202-205, 207 
effect of surface treatment, 222, 229 


Corrosion, in water, effect of temperature, 194 
effect of velocity, 198, 224 
effect on wearing parts, 194, 196, 198 
general considerations, 193-194 
heat treatment, effect on stainless steel, 224 
effect on zirconium, 230 
irradiation effect, 196, 208, 230 
protection against, 208 
rate of, 200 
selection of materials, 198 
use of inhibitors in, 208, 224 
weight-change rate, 200 
Corrosion resistance, in water, of aluminum, 
200-208 
of beryllium, 208 
of chromium, 209 
of chromium plate, 199, 209 
of cobalt alloys, 209-210 
of constructional material, 198, 199 
of copper and alloys, 210 
of fuel materials, 198-201 
of gold and alloys, 210-211 
of magnesium and alloys, 211-212 
of nickel and alloys, 212-213 
of platinum and alloys, 210-211 
of silver-cadmium alloys, 212, 214 
of silver and alloys, 212, 214 
of steel, carbon, 214 
low~alloy, 214 
stainless, 214 
of structural materials, 198-201 
of thorium and alloys, 224 
of titanium, 225 
of uranium, 225 
of zirconium and alloys, 225, 228-230 
Counter amplifiers, 971-974 
Counter channels, gas-filled, 971-976 
Counter circuits, 971 
Counters, 946, 947-951 
fission pulse, 948, 955, 956 
scintillation, 966, 967, 968 
CP-1 (see Chicago Pile No. 1) 
CP-2 (see Chicago Pile No. 2) 
CP-3 (see Argonne Heavy Water Reactor) 
CP-3’ (see Argonne Heavy Water Reactor) 
CP-5 (see Argonne Research Reactor) 
Creep and thermal stress, 171 
Critical concentration, of bare reactor, effect 
of temperature on, 522-523 
effect of breeder size, 536, 543 
of uranium 235, and shell absorption, 533, 534 
Critical length of reactor, 463 
Critical mass, velocity in two-phase-flow 
pressure drop, 77 
Critical properties, of heavy water, 22 
of light water, 22 
Criticality, calculations, 511-546 
and production data, 520 
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Cross-sectional flow area in reactor, 477 

Crystal structure of elements, 1044-1045 

Crystallography of uranium oxide, 661 

Cycle, power, flash-vaporization, 699 

Cylinder, single, forced-convection heat 
transfer across, 49-50 

Cystalon (see Silicon carbide) 


D 


Daniels Power Pile, No. II, 1001-1003 
cooling system, 1003 
design data, 1002 
fuel handling, 1003 
power conversion, 1003 
Decomposition of water (see Water decom- 
position) 
Decomposition temperatures of sodium uranyl 
carbonates, 607 
Decontamination, of helium coolant, 498 
solutions for, 724 
Deflagration, 685 
limits, 685 
Delayed neutrons, effect of circulation on, 548 
effect on power oscillations, 550 
Density, of air, 382 
of aqueous thorium nitrate, 642, 647-648 
of elements, 1044-1045 
of heavy liquid water, 30 
of helium, 460, 462, 392, 394 
of light water, 39-40 
of Na,CO,-U0O,CO,-H,O system, 615, 617 
of slurries, 667 
of UO.F, saturated solution, 591 
of UO,F,.-HF-H,O system, 592 
of UO.,F.-H,O system, 585 
of UO,(NOs;).-HNO;-H,SO,-H,O system, 
599, 602 
of UO,SO,-D,0 system, 574-578 
of UO,SO,-H,O system, 574-578 
of UO,-CO,-H,O-K,CO, system, 616 
of UO,;-HF-H,O system, 585 
of UO;-HNO;-H,O system, 601 
of uranyl] fluoride solutions, 592 
at 25°C, 592-593 
of uranyl nitrate, in H,O, 594, 599, 600 
of uranyl nitrate solutions, 594, 599-602 
Density equation, for UO.F, solutions, 593 
for UO,(NO;),-H,O solutions, 599 
Depth perception, with periscopes, 893 
in television, 903 
through windows, 876 
Design criteria for solid-fuel reactor, 
130-133, 138-139 
Design data, Argonne Heavy Water Reactor, 
1016 
Argonne Research Reactor, 1019 
Brookhaven Graphite Research Reactor, 998 
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Design data, Bulk Shielding Reactor, 1013 
Chicago Pile No. 1, 992 
Chicago Pile No. 2, 993 
Daniels Power Pile, No. III, 1002 
Experimental Breeder Reactor, 1026 
Homogeneous Reactor Experiment, 1036 
Los Alamos Fast Reactor, 1024 
Los Alamos Water Boiler, 1034 
Low-Intensity Training Reactor, 1010 
Low Power Research Reactor, 1030 
Materials Testing Reactor, 1006 
ORNL Graphite Reactor, 995 
Thermal Test Reactor, 1022 

Design information, engineering, 691-739 

Design limitations for solid-fuel reactor, 
130-132, 138-139 

Design of hot laboratories, 909 

Design temperature rise, 311 

Detonability, composition limits of, 686 

Detonation, 685 

Deuterium, as moderator for power reactor, 
809 

Di-alkali-uranyl pyrophosphates, of Li and Na, 
preparation of, 615-616 

Dialkali-uranyl-sec.-phosphites, color of, 615 
preparation of, 615 

Diffusion barrier, aluminum oxide, 453 

Diffusion cascade, 498 

Diffusion constants, 520 

Dilution in atmosphere, 484 

Dispersions, 746-747 
under lapse conditions, 493 
under natural conditions, 498 
radiation effects on, 757 
in stable air, 489-490 
thermal effects on, 757 
in unstable air, 487 

Dissociation constant of uranyl tricarbonate 
ion, 607 

Dissociation of water (see Water decomposi- 
tion) 

Distortion, of control rods, 167 
of long prismatical shapes, 167-168 
thermal, in reactor core structures, 169 

6k control means, 933-935 

D,O moderators, 523 

D,O sample carrier for HRE reflector sam- 
pling, 729, 730 

D,O sampler in HRE reflector system, 730, 
731 

Dose rates, 493, 496 

DPP (see Daniels Power Pile, No. I) 

Ducts, noncircular, forced-convection heat 
transfer through, 45, 47-49 

Duriron (see Iron alloys) 

Dynamic viscosity, of heavy liquid water, 27, 35 
of light liquid water, 26-27, 35 
of light-water vapor, 36 
of steam, 36 
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E F 
EBR (see Experimental Breeder Reactor) Fabrication of control plates, 685 
Effective stack height, 485 Fast reactors, control, 805, 807 
Effectiveness, of regulating rods, 934 fuel salts, fused chlorides, 807, 809-810 
of safety rods, 933 fuel systems, 803, 807 
of shim rods, 934 Fatigue and thermal] stress, 171 
Effluent concentrations, 491 Fatigue fracture and thermal stress, 170 
Effluent speed, 484 Fermi age, 520 
Effluent temperature, 484 Film coefficient, heat-transfer, 43 
Elastic thermal stress, 170 | Filters, composition of, 501 
Electrical resistivity of elements, 1044-1045 glass-fiber, 499, 500 
Elements, physical constants of, 1044-1045 pressure-drop byild-up in, 499 
thermal-neutron absorption cross sections of, sealing, 499 
1044-1047 calking compound for, 499 
Elgiloy (see Cobalt alloys) sintered stainless-steel, 795 
Empirical correlations, of gas-coolant prop- Filter house on downstream side of reactor, 
erties, 381 500 
of heat-transfer coefficients, 497 Filter systems for radioactive particles, 499- 
Enlargement losses, pressure-drop system 501 
calculations for, 64, 66 Filtration, of helium, 498 
Enriched reactors, fuel systems, 809 through activated charcoal, 498 
nuclear properties of moderators, 806 Finned surfaces, 427, 430-433 
Enrichment, effect on water decomposition, Fission fragments, decomposition of water by, 
573 | 674 
Entrance pressure drop, 427, 429 Fission products, 543-545 
Entropy of air, 383 aqueous, properties of, 622, 623-641 
Equations, for coolant properties, 477 continuous removal of, 745 
reactor, 926, 929 diffusion into helium, 496, 498 
Equilibrium concentration of higher isotopes, estimated weights of, for reactor operating 
514 and cooling times, 622, 641 
Equipment, arrangement of, 697 extraction of, 747 
cleaning of, 793-794 growth of, 622, 640 
decontamination of, 724 references on, 622 
sampling, 725, 727-728 heats of solution in uranyl sulfate, 622, 639 
special, design of, 708-739 multiple, solubilities in aqueous uranyl 
Erosion, due to presence of solids, 747 sulfate, 622 
Erosion behavior of uranium oxide slurries, solubilities of, 622, 623-640 
668-669 Fissionable material, nonuniform distribution 
n, effect of critical radius on, 523 of, for flux and power flattening, 104 
Eucken equation for thermal conductivity, 406 Fissioning solutions, 560 
Examination (see Viewing) radiation stability of, 560, 574 
Exit pressure drop, 427, 429 Flame recombiner, 702, 704, 705 
Expansion joint, 473, 475 Flanged joint in piping, 793 
Expansion losses, 427 Flash vaporization, 699-701 
Experimental Breeder Reactor, 1025-1027 Flashbacks, recombiner, 705 
cooling system, 1027 Flat-plate reactor, 464, 467 
design data, 1026 Flattened zone, computation of, 106, 108, 110 
fuel elements, 1025 Flow diagram, 729, 730 
shielding, 1025 | Flowmeters, 362-364 
Experimental facilities, Materials Testing electromagnetic, 796 
Reactor, 1008 for liquid metals, 796 
Explosion pressure, 685-687 Fluid flow, in gases, 409-449 
Explosions, gas, 685-687 (See also Pressure drop) 
External circulating system, 469-475 Fluid-flow passages, 461 
External recombiners, 701, 702-707 Fluid fuel, cooling of, 745 
Extraction of fission products, 747 Fluorides, as breeder blankets, 804, 830-834, 
Extrusion pressure of finned tubing, 455 849 : 
Extrusion temperature of finned tubing, 455 as coolants, 849 
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Fluorides, as fuels, 804, 809 
heat-transfer properties of, 824-827, 834 
melting points of, 834 
phase studies of, 810 
(See also Reactor coolants, fused-salt; 

Reactor fuels, fused~salt; and under 
specific compounds and systems) 

Flux distribution, local, in heterogeneous 

reactors, 109 
(See also Power distribution) 

Folded reactors, 433, 464, 468 
pressure drop in, 464 
turning losses in, 464 

Fracture and thermal stress, 170 

Free energy of dilution,.of aqueous thorium 
nitrate, 642, 654 

Friction factor, for channels, 58, 59 
in pressure drop, 58-60 

for channels, 58, 60 
for randomly packed spheres, 62, 63 
Fuel compound, 520 
Fuel-element clad materials, 194 
corrosion requirements, 194 
Fuel-element design, 239-244 
Argonne Heavy Water Reactor, 242 
Argonne Research Reactor, 244 
Hanford reactors, 240 
Materials Testing Reactor, 243 
plutonium producer, 241 
Fuel elements, 821, 451 
Argonne Research Reactor, 1018 
Bulk Shielding Reactor, 1012 
heat-transfer requirements for, 451 
Low-Intensity Training Reactor, 1009 
Low-Power Research Reactor, 1029 
Materials Testing Reactor, 1005 
requirements of, 321 
general, 451 

rod-type, 451-460 

stress analysis of (see Thermal-stress 
analysis, of simple shapes) 

Thermal Test Reactor, 1021 

types of, 321-322 

Fuel handling, Brookhaven Graphite Research 
Reactor, 999 
Daniels Power Pile, No. III, 1003 
Los Alamos Water Boiler, 1033 
ORNL Graphite Reactor, 996 
(See also Remote handling) 

Fuel inventory, 782 
minimization of, 786 

Fuel plates, temperature distribution during 

exponential power rise, 145-152 
temperatures for, calculations of, 152-161 

Fuel preparation, Chicago Pile No. 1, 991 
Chicago Pile No. 2, 994 | 

Fuel-rod coating, 498 


Fuel sampler, for use in chemical laboratory, 


728 
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Fuel slugs, Wilkins effect in, 109 

Fuel solution sampling apparatus, high- 
pressure, 725, 727 

Fuels, fluid, 745 
liquid-metal, 745 

composition of, 749-770 

properties of, 749-770 
liquid-metal-dispersion, 751, 757-770 
liquid-metal-solution, 751-757 
uranium-bismuth, 789, 

Fused salts, as breeder blankets, 849 
constitution diagrams of, 809-834 
corrosiveness of, 849 
as fuels, 803-807, 809 
irradiation of, 838, 846, 849 
as moderator, 803 
phase studies of, 810 
physical properties of, 838 
(See also Chlorides; Fluorides; Reactor 

coolants, fused-salt; Reactor fuels, 
fused-salt; and under specific com- 
pounds and systems) 


G 


G, 560, 571-574, 707 
Gamma flux, effect on water decomposition, 
179-180 
Gamma radiation, from argon, 496 
Gamma rays, decomposition of water by, 674 
fission, heating by absorption of, 112 
probability of absorption within emitting 
body, 113 
secondary, heating by absorption of, 112 
Gas compressors, 469-470 
Gas coolants, chemical stability of, 480 
economic comparison of, 477-481 
physical properties of, 479 
pressure drop of, 477 
properties of, 381-407 
thermal-neutron-absorption cross sections 
of, 480 
thermal stability of, 480 
Gas-cooled reactors, general characteristics 
of, 371-373 
Gas handling systems, 701-707 
Gas-operated bearing, 469-475 
Gas passages, 461-468 
Gas sparging, xenon 135 removed by, 747 
Gas turbines, 469 
Gaseous fission products, 436 
Gases, effect on reactor criticality, 548 
fluid flow in, 409-449 
heat transfer in, 409-449 
induced radioactivity in, 484-493 
inert, 795 
production, 707 
solubility in water, 675 
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Gases, specific heats of, 403 
thermal conductivity of, 400-401 
velocity across stack orifice, 486 
viscosity of, 399-404 
effect of pressure on, 405 
empirical correlations for, 406-407 
Generation time, neutron, in H,0- and D,O- 
moderated reactors, 141-143 
in MTR, 143 
in specific reactors, 141-155 
Glass, effect of radiation on, 881-884, 890, 
892 
properties of, 880 
for windows, 880-884 
Glass-fiber filters, 499-500 
Gold, corrosion of, by NaOH, 841, 843 
in water, 210 
Gold-platinum alloys, corrosion by NaOH, 
841, 843 
Goldschmidt atomic radius, of elements, 1044- 
1045 
Graphitar (see Graphite) 
Graphite, corrosion by NaOH, 841-843 
Ground level, effluent at, 488 
dose rates, 491, 493-496 
Group methods, comparison with measured flux 
distribution, 96-97 
Growth, of fission products, 622 
particle-size, in uranium oxide slurries, 
661-663 


Halides, as fuels, 809 
Handling, of liquid-metal systems, '/95 
of radioactive materials (see Remote 
handling) 
(See also Hot laboratories) 
Handling apparatus, analytical laboratory, 728- 
729 
Hastelloy (see Nickel alloys) 
Haze in windows, 878, 879 
Header, gas, 464 
Heat, removal of (see Transients, reactor 
power) 
transient generation of (see Transients, re- 
actor power) 
Heat balance, 477 
in stationary-fuel reactor, 123 
Heat capacity, of air, 391 
of carbon dioxide, 398 
of UO,(NO;), + NH,NO; solutions, 604 
of UO,(NO;3). + NH,NO; + HNO; solutions, 604 
of UO,SO,-D,0 system, 581, 582 
of UO,SO,-H,O system, 581-583 


Heat capacity, of uranyl nitrate solutions, 


599, 602-604 
in butex, 604 
in HNO,, 604 


Heat dissipation, 8-10 


atmospheric or low-pressure systems, 8 
pressurized systems, 8-10 


Heat exchangers, 337-344, 474-475, 721, 723 


effect of changing from mercury to sodium, 
7184 

effect of tube design, 342, 344 

effect of tube diameter and spacing, 342, 343 

effect of tube wall conductance, 342, 344 

“thockey-stick’’ flat-tube, 338, 339 

HRE main, 721-724 

LMFR, calculated results of, 783 
design conditions for, 782, 783 

over-all coefficients for KAPL units, 338, 
339 

proposed, for Homogeneous Reactor, 697, 
698 

shell-and-tube, 338, 339 

spray-type, 778-779, 787-788 
advantages of, 788 
disadvantages of, 788 


Heat generation, by absorption of fission 


gammas, 112 

in control-rod tip, 114 

in control rods, 114-117 

by elastic collisions of neutrons, 111 

in fuel elements (see Flux distribution and 
Power distribution) 

by gammas from distributed secondary 
sources, 112 

by local n-a@ and n-f reactions, 112 

by locally emitted secondary gammas, 112 

in moderator, 113 

in non-fuel-bearing core components, 109, 
111-117 

in reactor, 477 

in reactor vessel, 118 

in reflector, 118 

in thermal shield, 118 


thermal stresses due to, 165-166 
Heat of decomposition, of uranyl nitrate, 593 
Heat of dilution, of aqueous thorium nitrate, 


652-654 
of UO,(NO;).°6H,O, 606 
of uranyl nitrate solution, 604-606 


Heat of solution, of fission products, in uranyl 


sulfate, 622, 639 
of thorium nitrate, 652 
of UO,(NO3)., 604-605 
of UO,(NO3)2°H,O, 605 
of UO,(NOs3).°2H,O, 604-606 
of UO,(NO;).°3H,O, 604-606 


of uranyl fluoride, 585 
of uranyl nitrate hexahydrate, 603 
solid, 599, 603 


of UO,(NO3)2°6H,O, 604-606 
of uranyl nitrate, 606 
of uranyl nitrate solution, 604-606 
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Heat production function, methods for obtaining, 


695 
Heat release, 461 
Heat-removal processes, by boiling, 7 
by sensible heat gain, 7 
from solid-fuel reactors, 7-8 
at supercritical pressure, 8 
Heat transfer, 477 
boiling, 50-52 
equipment, 778-780 
film coefficients, 43 
calculation of, 780 
forced-convection, basic equations for, 45, 
47-50 
through pipes, noncircular ducts, and 
annuli, 45, 47-49 
through randomly packed spheres, 50 
across single cylinder, flow normal to 
axis, 49-50 
across tube banks, flow normal to axis, 
47, 49 | , 
flow parallel to axis, 47 


free-convection, basic equations for, 43, 45, 


46 
fuel-element requirements, 451 
fused-salt agents, 810, 824-827 
in gases, 409-449 
streamline flow, 414, 418, 419, 422, 423 
turbulent flow, 423-426 
helium, 425 
hydrogen-nitrogen mixture, 425, 426 
hydrogenous agents, 810, 819-823 
in liquid-metal-fuel reactors, 771-788 
nomenclature, 43, 44 
through phase change, 778 
and physics considerations, 461 
properties of coolants, 850 
rectangular ducts, 433, 437 
roughness, 443, 445 
in slurries, by forced convection, 665 
at supercritical pressure, 52 
trapezoidal ducts, 433, 438 
(See also Reactor coolants) 
Heat-transfer coefficient, average, for gases, 
419, 422-428 
empirical correlations of, 477 
entrance, for gases, 419-421 
for gases, 409, 414 
for light water, 47, 49 
Heat-transfer correlations for liquid metals, 
277-286 
Heat-transfer equations for water, 43-64 
Heating, induction, 793 
Heating equipment, 793 
Heating wire, resistance, 793 
Heavy water, 574 
constants for, 519 
(See also Water, heavy) 
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Helium, 371 


absorption in fats, 498 
abundance of, 496 
argon in, 496, 497 
cooling of, 498 
density of, 392, 393 
filtration of, 498 
through activated charcoal, 498 
fission-product diffusion into, 496, 498 
heat-transfer data for, 425 
impurities in, 393 
induced activity in, 496-498 
Prandtl number for, 392 
properties of, 392-395, 399, 404-407 
purification of, 498 
specific heat of, 392, 394 
temperature-entropy diagram for, 395 
thermal conductivity of, 392, 394 
thermal-neutron absorption cross section of, 
496 
thermodynamic properties of, 392-393 
_ viscosity of, 392, 394 
empirical correlations for, 406-407 
High-pressure recombination, 707 
Higher isotopes, and blanket power, 536, 541- 
§42 
build-up of, 514-519 
effect on breeding gain, 543, 545 


effect on critical concentration in breeder, 545 


H,O moderators, 523 
Hold-up, 746 
of fluid fuels, 745 
Homogeneous Reactor Experiment, 1035- 
1037 
cooling system, 1037 
design data, 1036 
fuel sampler, 725, 727 
manipulator for, 725, 727 
fuel system, 735, 736 
moderator cooling system, 1037 
power conversion system, 1037 
shielding, 1035 
Homogeneous reactors, hydrogenous fuel sys- 
tems, 810 | 
remote handling of equipment in, 721-726 
Hot cells (see Hot laboratories) 
Hot channels (see Hot-spot factors) 
Hot Laboratories, 909-923 
Hot~spot factors, 135-137 
HRE (see Homogeneous Reactor Experiment) 
Hydraulic radius, 461 
Hydrodynamic conversion factors, 57 
Hydrodynamics (see Pressure drop) 
Hydrogen, effect on water corrosion, 195, 222- 
224 
as moderator for power reactors, 809 
specific-heat ratio for, 402 
ylelds, 560 
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Hydrogen-nitrogen, heat-transfer data for, 
425, 426 
Hydrolysis, of uranyl nitrate solutions, 594 
of uranyl sulfate solutions, 560, 566-570 
Hydroxides, constitution diagrams of, 810, 
819-823 
- corrosion of alloys and metals by, 840-848 
corrosiveness of, 810, 840-848 
as fuels, 804, 809, 835-838 
heat capacities of, 846, 848 
heat-transfer properties of, 810, 819-823 
irradiation of, 810, 839, 840 
melting points of, 846, 848 
as moderator-coolants, 839, 840-848 
as moderators, 840 
physical and thermal properties of, 846, 848- 
849 
solubility of UO, in, 835-837 
suspension of UO, in, 837 | 
(See also Reactor fuels, fused-hydroxide; 
Reactor moderator-coolants, fused- 
hydroxide; and under specific compounds 
and systems) 


I 


Ilium corrosion by NaOH, 842 
Impurities, in commercial sodium, 288 
activating, 288 
affecting corrosion, 289 
hydrogen moderation, 288 
nuclear poisons, 287 
plugging, 289-291 
effect on water decomposition, 178, 182, 184 
in helium, 393 
in NaK, 288 
activating, 288 
affecting corrosion, 289 
hydrogen moderation, 288 
nuclear poisons, 287 
plugging, 289-291 
Induced radioactivity, 306-309 
from coolant metals, 306-307 
in cooling air, 483-496 
cyclical irradiation, equations for, 308 
in equipment, 686, 688-689 
in gases, 484-492 
in helium, 496-498 
in particulates, 491 
Inelastic thermal stress (see Elastic thermal 
stress) 
Inert atmosphere, 789 
Inert-gas purification, 293-294 
Inherent stability of aqueous reactor systems, 
552 
Inspection (see Viewing) 
Instrument channels, 971, 972-981 
Instrument installation, 969-970 


Instrumentation, 359, 362-365, 795-796, 946- 
970 
of aqueous homogeneous reactors, 729, 733- 
739 
electromagnetic pressure gauge, 795 
flowmeters, 362-364 
for liquid metals, 796 
of HRE, 735-739 
liquid-level indicators, 364-365, 796 
pressure measurements, 362 
properties affecting, 359, 362 
temperature measurements, 362 
of Water Boiler, 729, 733-734, 736 
Insulation, 360-361, 793 
Interface temperature, aluminum, 452 
Interlocks, operating procedure, 944 
Intermediate-cycle systems, 312, 314, 317 
no power conversion, 317 
power conversion, 317-319 
Internal energy of air, 384 
Interrupted plane fins, 430 
Invar (see Iron-nickel alloys) 
Inversion conditions in meteorology, 488-490 
Ion chambers, 797 
Ion exchange, method of corrosion control, 196 
Ion-exchange resins, use in reactors, 678 
Iridium-platinum alloys, corrosion by NaOH, 
841, 843 
Iron, corrosion of, by Ba(OH)., 848 
by NaOH, 841, 842 
by Sr(OH)., 848 
Iron alloys, corrosion by NaOH, 841, 842 
Iron-nickel alloys, corrosion by NaOH, 842 
Iron oxide —nickel oxide —zinc oxide system, 
corrosion by NaOH, 847 
Irradiation, effect on water corrosion, 196, 
203, 229, 230 
Irradiation effects, and thermal stress, 172 
on water (see Water decomposition) 
Irregular shapes, effect of thermal stress on, 
171 
Isotopic ratios, critical radius for, 523, 526-529 


Joints, 360-361 
Journal bearings, 469, 471, 475 


K 


KCl, 747 
KCl1-LiCl eutectic, physical. properties of, 773 
Kinetics, of boiling reactors, 551-552 
reactor, 926, 928-929 
in aqueous homogeneous systems, 545, 
547-552 


1061 


ENGINEERING 


L 


Lag, in vapor formation, in boiling reactors, 
561 
Lanthanum sulfate, solubility of, in uranyl 
sulfate, 625, 627 
in water, 625-626 
Lapse conditions in meteorology, 486, 487 
Latent heat of vaporization, of heavy water, 31 
Lead, density of, 850 
melting point of, 850 
thermal conductivity of, 850 | 
viscosity of, 850 
Lead-bismuth-tin-uranium system, 760, 765 
Lead fluoride, vapor pressure of, 839 
Lead-tin-uranium system, 760, 763, 764 
isothermal section of, 764 
Lead-uranium system, 760, 761 
phase diagram of; 761 
Leak detectors, 793 
Leak test, 458, 793 
Leakage probability for gamma sources, 112, 
113 
Level indicators, continuous, 796 
restrained-float type, 736, 737 
Lid Tank, thermal-shield experiments in, 118, 
119 
Lifetime, finite-difference solution, explicit, 
154-160 
implicit, 160-161 
of neutrons (see Generation time, neutron) 
delayed, 141 
time-average-implicit, 161, 162 
instability of, 160 
Light water, 574 
(See also Water, light) 
Lighting, for television, 908 
with, windows, 877-878, 885 
Liquid-level indicators, 364-365, 796 
Liquid-metal coolants, 249-252 
activation, 250 
availability of, 251 
freezing point of, 251 
heat-removal capacity of, 250 
moderating ratio, 250-252 
radiation damage, 250 
Liquid-metal dispersions, production of, 757 
radiation effects on, 757 
settling of, 757 
thermal effects on, 757 
types of, 757 
viscosity of, 757 
Liquid-metal-fuel reactor (see LMFR) 
Liquid-metal fuels, applications of, 747-748 


Liquid metals, cross sections of, macroscopic, 


262 
microscopic, 262, 271-273 
densities of, 254, 256, 263-264 


electrical resistivities of, 255, 257, 259, 261 
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Liquid metals, heat-transfer correlations for, 


277-285 
laminar flow through pipes, constant heat 
flux, 278 
constant wall temperature, 278 
latent heats of fusion, 254, 256, 258, 260 
latent heats of vaporization, 254, 256, 258, 
260 
melting points of, 254, 256, 258, 260 
natural convection from horizontal cylinders, 
278, 281-283 
nuclei/cc at melting point, 262 | 
Prandtl numbers as function of temperature, 
277, 279 
properties of, 253-275 
slug flow through rectangular duct, 278, 281 
slug flow through triangular duct, 278, 281 
specific heats of, 255, 257, 259, 261, 265-266 
surface tension, 259, 261 
thermal conductivities of, 255, 257, 269-270 
thermal entry regions, 281, 284 
turbulent cross flow to cylinders, 278 
turbulent flow in annuli, 278 
turbulent flow between parallel plates, 278 
turbulent flow through pipes, constant heat 
flux, 278 
constant wall temperature, 278 
turbulent flow through unbaffled shell, 278, 
281 
unit prices, 255, 257 
vapor pressures of, 254, 256, 258, 260 
viscosities of, 255, 257, 267-268 
volume change on fusion, 255, 257 
Lithium chloride, 747 
Lithium chloride —potassium chloride system, 
irradiation of, 838 
Lithium deuteride, as fuel for thermal power 
breeder, 809 
Lithium fluoride, vapor pressure of, 839 
Lithium fluoride —sodium fluoride system, 
constitution diagram of, 824 
phase studies of, 824 
Lithium fluoride —thorium fluoride system, 
constitution diagram of, 830 
phase studies of, 830 
Lithium fluoride —uranium (IV) fluoride sys- 
tem, constitution diagram of, 811 
_ phase studies of, 811 
Lithium hydroxide, corrosion of alloys by, 848 
heat capacity of, 848 
melting point of, 848 
Lithium hydroxide —potassium hydroxide sys- 
tem, constitution diagram of, 820 
Lithium hydroxide —sodium hydroxide system, 
constitution diagram of, 819 
phase studies of, 819 
LITR (see Low-Intensity Training Reactor) 
LMFR, 747-748 
plant designs, 780-788 


INDEX 


LMFR, power plant, 781, 784 
steam cycle, 782 
uranium-bismuth circuit in, 782, 783 
Loading of fissionable material, 461 
Local boiling, effect on two-phase-flow pres- 
sure drop, 76 
Local coefficients, for streamline flow of gases, 
414 
Local heat-transfer coefficients for gases, 414- 
422 
Loop, thermal, graphite, 793 
Los Alamos Fast Reactor, 1023-1025 
cooling system, 1025 
design data, 1024 
shielding, 1025 
Los Alamos Water Boiler, 1033-1034 
boiling in, 698 
cooling system, 1033 
design data, 1034 
fuel handling, 1033 
recombiner, 1033 
shielding, 1033 
Loss, of neutrons, to:‘higher isotopes, 516 
Loss coefficient, for bends, and angle of bend, 
in pressure-drop system calculation, 66, 68 
for 90° bends, in pressure-drop system cal- 
culation, 66, 68 
for sudden contraction, in pressure-drop 
system calculation, 66, 67 
for sudden enlargement, in pressure-drop | 
system calculation, 64, 66 | 
Low-Intensity Training Reactor, 1009-1011 
cooling system, 1011 
design data, 1010 
fuel elements, 1009 
shielding, 1011 
Low-Power Research Reactor, 1029-1031 
cooling system, 1031 
design data, 1030 
fuel elements, 1029 
shielding, 1031 
LPRR (see Low-Power Research Reactor) 


M 


Machining of uranium, 455-457 
Magnesium, and alloys, corrosion in water, 
211-212 
corrosion by NaOH, 842 
Magnesium fluoride, vapor pressure of, 839 
Magnesium fluoride —thorium fluoride system, 
constitution diagram of, 833 
phase studies of, 961 
- Magnesium oxide, corrosion by NaOH, 847 
Magnification, in periscopes, 892 
of underwater objects, 876 
through windows, 877 
Manganese, corrosion by NaOH, 842 


Manipulation (see Hot laboratories and Remote 
handling) 
Manipulators, catalog of, 863-873 
general-purpose, 859-873 
classification of, 860-862 
master-slave, 862, 870-873 
Mass velocity, 461 
Materials, mechanical behavior of, and 
thermal-stress problems, 165 
selection of, 695 
Materials Testing Reactor, 1005-1009 
cooling system, 1608-1009 
design data, 1006 
experimental facilities, 1008 
fuel elements, 1005 
design of, 243 
heating of control rods in, 114 
heating of reflector in, 118, 120 
neutron generation time, 143 
power distribution in, 96-97, 109 
shielding, 1007 
temperature coefficient of reactivity, 144 
Mechanical design of shim rods, 934 
Mechanical stability against thermal stresses, 
451 
Mechanism, raising and lowering, 681, 683, 684 
regulating plate, 685 
safety plate, 685 
Melting point, of elements, 1044-1045 
of uranyl nitrate, 594-595 
Mercury, density of, 850 
physical properties of, 773 
thermal conductivity of, 850 
viscosity of, 850 
Mercury-uranium system, phase diagram of, 
765, 766 
Meteorological factors in gas dispersion, 486-492 
Meteorology, effect of topography on, 488, 491, 
492 
inversion conditions, 488-490 
lapse conditions, 486, 487 
neutral conditions, 486 
parameters, 486 
transitory conditions, 488 
wind variation, 491, 492 
Moderating ratio, 806 
Moderator cooling system, HRE, 1037 
Moderators, aqueous, decomposition by radia- 
tion, 673-678 
properties of, 673-678 
heat generation in, 113 
(See also Reactor moderators) 
Mollier diagram, for dry air, 390 
for mercury, 275 
Molybdenum, corrosion by NaOH, 842 
Molybdenum oxide, solubility in uranyl sulfate, 622 
Monel, corrosion by NaQH, 841-843 
(See also Nickel alloys) 
MTR (see Materials Testing Reactor) 
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Na,CO,-UO,CO;-H,O system, density of, 616, 
617 
2Na,CO;°U0,COsg, solubility of, 617 
Neptunium chain, 514 
Net efficiency of large nuclear power plants, 
697 
Neutral conditions in meteorology, 486 
Neutral double orthophosphate, complexes of, 
615 
preparation of, 615 
Neutron activations, reduction of, 721-722 
Neutron cross section, of air, 371 
of gases, 371 
Neutron detection, by counters and current 
chambers, 946-963 
temperature-type elements for, 961, 964-965 
Neutron detector, 797 
Neutron economy, 451, 520 
Neutron irradiation, effect on water decomposi- 
tion, 179-180 
Neutrons, delayed, loss of, 745 
fast, decomposition of water by, 674 
heating by elastic collision of, 111 
Nickel, A, corrosion of, by LiOH, 848 
by Sr(OH)., 848 
and alloys, corrosion in water, 212-213 
corrosion by NaOH, 840, 841 
L, corrosion by NaOH, 844 
mechanical properties of, 844, 845 
effect of NaOH on, 844, 845 
Z, corrosion of, by Ba(OH)., 848 
by Sr(OH)., 848 
Nickel alloys, corrosion of, by Ba(OH)., 848 
by LiOH, 848 
by NaOH, 840-845 
by Sr(OH)., 848 
Nitriding, effect on corrosion of stainless steel, 
224 
Nitrogen, specific-heat ratio for, 402 
Nitrogen 15, 523 
Nomenclature, heat-transfer, 43, 44 
pressure-drop, 55-57 
Nomograms for Sutton equation, 493-495 
Norbide (see Boron carbide) 
Nordheim Scalettar method for control-rod 
calculations, 100-102 
Nuclear constants, 519-521 
Nuclear instrumentation, of HRE, 736 
of Water Boiler, 733, 734 
Nuclear power equations, 547-548 


O 
Observation (see Viewing) 


Off-gas system, HRE, 702-707 
general characteristics of, 702 
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Oil-lubricated bearing, 469, 471 
One-group equation, for criticality of bare 
spherical reactor, 511, 512 
One-group theory, comparison of flux plots 
with two-group theory, 106, 110 
Operating time, of breeder, effect on breeding 
gain, 543 
effect on critical concentration, 543 
of reactor, 536 
Operational problems with bismuth and lithium, 
797 
Orifice meters, 796 | 
Orifices, effect on two-phase-flow pressure 
drop, 82-84 
ORNL Graphite Reactor, 994-997 
cooling system, 996-997 
design data, 995 
fuel handling, 996 
shielding, 996 
Osmotic pressure of aqueous thorium nitrate, 
650 
Oxidation, of uranium, 452 
in sodium, 293 
Oxygen, analysis of, in NaK, 293 
effect on corrosion by sodium, 289 
effect on water corrosion, 195, 214, 222 
neutron activation of, 235 
solubility of, in NaK, 289-290 
in sodium, 289-290 
specific-heat ratio for, 402 


Packed beds, 443, 444 
Packing, high-temperature, 793 
Palladium, corrosion by NaOH, 841, 843 
Parallel channels, two-phase-flow pressure 
drop in, 76, 78-84 
effect of orifices on, 82-84 
with flow in same horizontal plane, 79, 81 
with flow in same vertical plane, 81-82 
single-channel equations for, 78-80 
Parameters, lumped, method of, 152 
Particles, beryllium oxide, 499 
dust, 499 
graphite, 499 
uranium, 499 
uranium oxide, 499 
Particulates, 491 
induced radioactivity in, 491 
Period, inverse reactor, 929, 930 
Periscopes, 890-907 
applications of, 890 
design of, 890, 892-893 
examples of, 893-907 
Peroxide, decomposition in uranyl solution, 574 
(See also Uranium peroxide) 
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pH, effect on water corrosion, 196, 200, 202- 
205, 207 
of uranyl fluoride solutions, 585, 591 
of uranyl sulfate solutions, 560, 566, 567, 
569, 570 | 
Phosphoric acid, fuel solutions, 809 
irradiation of, 809 
Physical constants, of elements, 1044-1045 
Physical properties, of gas coolants, 479 
of light and heavy water, 21-42 
of UO,SO,-D,0 system, 574-584 
of UO,SO,-H,O system, 574-584 
Piles (see Reactors) 
Pipe flow, pressure-drop system calculations 
for, 64 | 
Pipes, forced-convection heat transfer through, 
basic equations for, 45, 47-49 
relative roughness of, 58, 59 
Piping, 360-361, 793 
expansion joints, 473, 475 
flanged joint in, 793 
Plant efficiencies, 12-17 
Plates, mechanical, 681-685 
thermal stress in, 166-167 
Platinum, corrosion of, by NaQH, 841, 843 
in water, 210 
Plugs, freeze, 793 
Plume, 485 
Plutonium, liquid-metal dispersions of, 769 
solubility of, in bismuth, 751, 756 
Plutonium chloride, as fuel, 809 
Plutonium fluoride, as fuel, 809 
solubility in acid, 620 
Plutonium liquid-metal solutions, 757 
Plutonium nitrate, solubility in acid, 621 
Plutonium phosphate, solubility in acid, 620, 
621 
Plutonium salt solutions, properties of, 617, 
620, 621 
solubilities of, 617, 620, 621 


Plutonium solutions in liquid metals, 751, 756-757 


Plutonyl chloride, solubility in acid, 621 
Plutonyl nitrate, solubility in acid, 621 
Poisoned catalyst, 707 
Poisons, 523 
fission-product, 536 
Polonium, 797 
as by-product, 746 
formed from bismuth, 746 
as hazard, 747 
Porous bodies, 441-442 
Position, measurement of, 935 
remote indicators, 935 
of rods, measurement of, 935 
Positioning, of regulating rods, 935 
of safety rods, 933 
of shim rods, 934 
Potassium chloride —uranium(II]) chloride sys- 
tem, constitution diagram of, 817 


Potassium chloride —uranium(IV) chloride 
system, constitution diagram of, 816 
Potassium fluoride, vapor pressure of, 839 
Potassium fluoride —thorium fluoride sys- 
tem, constitution diagram of, 831 
Potassium fluoride —uranium(IV) fluoride 
system, constitution diagram of, 813 
Potassium fluoride —zirconium fluoride 
system, constitution diagram of, 827 
Potassium hydroxide, density of, 849 
heat capacity of, 848 
irradiation of, 840 
melting point of, 848 
vapor pressure of, 849 
viscosity of, 849 
Potassium hydroxide —sodium hydroxide system, 
constitution diagram of, 821 
Potassium uranyl tricarbonate, solubility of, 
607, 614 
Power, reactor, permissible, 522 
Power conversion, Daniels Power Pile, No. II, 
1003 
Homogeneous Reactor Experiment, 1037 
Power densities of aqueous homogeneous reac- 
tors, 507 
Power distribution, axial, 461 
distortion by partly inserted control rods, 
102 
in bare and reflected reactors, 89-99 
calculation of, 93, 96-99 
in D,O-moderated reactors, 99 
effect of control elements, 99-103 
effect of epithermal-flux/thermal-flux ratio 
on, 93, 94-95 
effect of excess fuel loading, 93, 94-95 
effect of moderating reflector on, 92, 93 
effect of nonmoderating reflector on, 92, 93 
effect of partly inserted control rods on, 102- 
103 
effect of reflector saving on, 90-93 
effect of water holes on, 103, 104-105 
end effect in fuel slugs, 109 
flattening of, 100-101, 104, 106, 108 
in heterogeneous reactors, 106, 108-109 
measured, in quasi-homogeneous reactors, 
93, 96-99 
methods of improving, 104-108, 109 
in MTR, 96-97, 109 
optimum, 461 
radial, 461-462 
in heterogeneous reactors, 106-109 
during reactor transients, 141 
in specific reactors, 109 
Wilkins effect, 109 
Power plant, stationary vs. mobile, 311 
Power reactors, effect of temperature differ- 
ences on, 7 
fuel systems, 809 
moderators, 803, 809 
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Power reactors, stationary, fuel systems, 810 
thermal cycles in, 7-20 
Power removal, 697 | 
from boiling reactors, 698 
by flash vaporization, 699-701 
Prandtl] number, for air, 382, 391 
for carbon dioxide, 398 
for helium, 392 
for light liquid water, 28-29, 37 
for light-water vapor, 38 
for liquid metals, as function of temperature, 
278, 279 
for steam, 38 
Pressure, of air, 385 
effect on reactor criticality, 548 
reactor, 477 
Pressure drop, 55-86, 371, 461, 466 
build-up in filters, 499 
for channels, friction factor in, 58, 60 
of coolants, 477 
data, average, for gases, 414-428 
in duct components, 440 
in ducts, 440 
in folded reactor, 464 
friction factor in, 58-60 
for randomly packed spheres, 62, 63 
across fuel-element channels, 508 
for gases, turbulent flow, 495, 496 
in headers, 440 
nomenclature for, 55-57 
in porous bodies, streamline flow, 441 
turbulent flow, 441-442 
rectangular ducts, 438-439 
roughness, 443, 446 
single-phase-flow, 55, 58-71 
for flow inside tubes, non-circular chan- 
nels, and annuli, 55, 58-61 
for flow outside tube banks, normal to axis, 
62 
parallel to axis, 58, 60 
for randomly packed spheres, 62, 63 
trapezoidal ducts, 438-439 
tube entrance, for gases, 419, 422 
two-phase-flow, 69, 72-84 
basic equations for, 69 
critical mass velocity in, 77 
effect of local boiling on, 76 
methods of predicting, 72-76 
sonic flow, 76, 77 
in parallel channels, 76, 78-84 
effect of orifices on, 82-84 , 


with flow in same horizontal plane, 79, 81 


with flow in same vertical plane, 81-82 
single-channel equations, 78-80 
velocity-head concept of, 62, 64-71 
Pressure-drop system calculations, for bend 
losses, 66, 68-70 
for contraction losses, 64, 66, 67 
for enlargement losses, 64, 66 
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Pressure-drop system calculations, loss 
coefficient for bends, and angle of bend, 
66, 68 
loss coefficient for 90° bends, 66, 68 
loss coefficient for sudden contraction, 66, 67 
loss coefficient for sudden enlargement, 64, 
66 
for pipe flow, 64 
for valves and fittings losses, 69, 71 
velocity head of water, 64, 65 
Pressure gauge, electromagnetic, 795 
Pressure instrumentation, 795 
Pressure surges from nuclear power pulses, 
549 
Pressurizer requirements for reactor stability, 
548 
Prismatical shapes, effect of axial temperature 
gradients in, 169 
long, distortion of, 167-168 
thermal stress in, 168 
Process instrumentation, of HRE, 735-738 
of Water Boiler, 733, 736 
air-circulation safety, 736 
Catalytic recombination bed, 733 
stack exhaust, 733 
Processing, of blanket, 536 
rate, 545 
Production data, and criticality, 520 
Protactinium, 514 
Protective system, automatic, 942-944 
Pulsafeeder, HRE, 736 
Pumping power, 371 
reactor, 477, 480 
Pumps, 342, 345-359, 708-716 
applications, 345 
bearings, 345 
Byron Jackson, 789-790 
canned-motor, 350 
molten-metal, 790 
canned-rotor, 350, 352, 708-717 
for bismuth, 789 
for molten salt, 789 
small, 708-711 
centrifugal, 789 
DC Faraday, 358-359 
diaphragm, 714, 716-717 
electromagnetic, 345, 347, 350-359, 789, 
791 
General Electric, 791 
helical-flow induction, 353, 357 
linear-induction, 353-356 
liquid metal, 788 
for liquids, 788 
magnetic, for bismuth, 789 
mechanical, 345-346, 348-352, 789-793 
positive displacement, 714, 716-717 
pulsafeeder, 714, 716-717 
requirements, general, 342 
special, 342, 345 


Pumps, shaft-seal, 345, 351 
20,000-gpm Allis-Chalmers, 713-715, 717 
Westinghouse model 100 and 100A, 710, 712- 
713 
Purification, of helium, 498 
of NaK, 291-293 
cold trap, 291-293 
melt station, 291 
of sodium, 291-293 
cold trap, 291-293 
melt station, 291 
Purification process, 498 


R 


Radial thermal flux, 461-462 
Radiation, decomposition of water by, 673-678 
effect of pressure on, 675, 677 
effect on glass, 881-884, 890, 892 
- effect on zinc bromide solution, 879 
Radiation damage, by aqueous thorium nitrate, 
642 
metal solutions free from, 746 
Radiation measurement, 797 
Radiation stability, of fissioning solution, 560, 
573-674 
of uranyl carbonate, 607, 615-616 
of uranyl fluoride, 585 
Radioactive particles, 491, 499 
filters for, 499-501 
Radioactivity in coolants, 483-502 
Radioargon, 483 
Reactions, neutron, in water, 235-238 
Reactivity, fluctuations of, 745 
in reactor kinetics, 548-549 
temperature coefficient of, 679 
in CP-3’, 144 
in CP-5, 144 
in MTR, 144 
in water-cooled reactors, 141, 143-144 
variations, and power flattening, 104, 106 
Reactor atmosphere, Chicago Pile No. 2, 994 
Reactor breeder blankets, fluorides, 805, 809, 
830-833, 849 
fused salts, 804-805 
hydroxides, 804 
Reactor coolants, fused-hydroxide (see Reac- 
tor moderator-coolants, fused-hydroxide) 
fused-salt, irradiation of, 838, 846 
properties of, 810, 824-827, 849 
(See also Chlorides, Fluorides, and Fused 
salts) 
Reactor equations, solution in phase plane, 550 


Reactor fuels, fused-hydroxide, for breeders, 809 


constitution diagrams of, 809, 819-823 
corrosiveness of, 838 

for homogeneous reactors, 810 
irradiation of, 837 
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Reactor fuels, fused-hydroxide, properties of, 


803, 835-838 
(See also Hydroxides) 
fused-~salt, boiling points of, 805 
constitution diagrams of, 811-818, 824-827, 
830-833 
melting points of, 805 
properties of, 803, 809 
(See also Chlorides, Fluorides, and Fused 
salts) 
Reactor kinetics, in aqueous homogeneous sys- 
tems, 545, 547-552 
of circulating nonboiling systems, 547-550 
and reactivity, 548-549 
relations between nuclear and physical sys- 
tems, 549 
solution of equations, 549-550 
Reactor moderator-coolants, fused-hydroxide, 
corrosiveness of, 840-848 
irradiation of, 839 
physical and thermal properties of, 
810, 819-823, 846, 848-849 
Reactor moderators, absorption cross-sections 
of, 806 
fused-salt, 803-805 
Reactor-power-plant system, optimizing, 697 
Reactor vessels, one-core, design problems of, 
691-696 
two-core, design problems of, 691-696 
Reactors, bare, power distribution in, 89-99 
blower power, 477 
chart of, 987-989 
components, 321-329 
cross-sectional flow area in, 477 
design compilation, 987-989 
diameter, 461 
equivalent bare, use in control-rod calcula- 
tions, 101-102 
use in estimating flux distribution, 90, 109 
heat generated in, 477 
heterogeneous, power distribution in, 105, 
106-109 
liquid-metal-fuel, external cooling of, 771-772 
internal cooling of, 771 
MTR, refueling of, 855-859 
output, 477 
pressure in, 477 
pumping power in, 477, 480 
recharging of (see Remote handling) 
reflected, power distribution in, 89-99 
safety considerations, 552 
single-region, 691, 692 
typical arrangement for, 692 
temperatures, 477, 536, 539-540 
two-region, 691-693 | 
design of core tank in, 695 
typical arrangement for, 693 


Recombiner, Los Alamos Water Boiler, 1033- 
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Recorders, 979 
Reduction of uranyl] ion, 560 
Reflector saving, effect on power distribution, 
90-93 
Refractive indices, of aqueous thorium nitrate, 
642, 651 
of UO,SO,-H,O system, 581, 585 
Regulating rod assembly, HRE, 684 
Regulation, automatic power, 935-942 
Relative roughness, of channels, 58, 59 
of pipes, 58, 59 
Relaxation methods, use in control-rod calcu- 
lations, 114, 117 
Release of safety rods, 933 
Remote handling, 855-873 
Remote maintenance, 721 
periscope in, 724 
replacement procedure in, 724-725 
shielding, 724 
tools for, 724-726 
Reprocessing, in LMFR, integrated with 
reactor, 747 | 
Residual heat removal, 334 
need for, 334 
Resistance welding, 452 
Resolution, visual, in periscopes, 893 
in television, 903 
through windows, 877 
Resonance absorption, 512 
Resonance absorption integral, 520 
Resonance escape probability, 520 
Reynolds number, and Stanton number, 430 
Rod-type fuel elements, 451-460 
Rods, control, drive requirements, 933 
long solid, thermal stress in, 166 
mechanical, 681-685 
position of, accurate measurement, 935 
position indexing, 935 
regulating, 935 
automatic operation, 942 
control, 936-942 
control loop, 936, 937 
characteristics, 938 
control-system components, 938 
normalized error, 936, 938-940 
performance evaluation, 941-942 
range, 936 
safety, 933 
shim, 934 
automatic operation, 942 
shim-safety, 935 
Rotameters, 796 
for liquid sodium and bismuth, 796 
Rotary pumps, 708-717 
Rotors, 469 
Roughness, 443, 445-446 
Roughness ratio, definition of, 443 
Rubidium fluoride, vapor pressure of, 839 
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Rubidium fluoride—thorium fluoride system, 
constitution diagram of, 832 

Rubidium fluoride—uranium(IV) fluoride system, 
constitution diagram of, 814 


Safety considerations, reactor, 552 
Safety-rod assembly, HRE, 683 
Salts, molten, 789 
(See also Fused salts) 
Sampler, connection of, 729 
for high-pressure helium, in HRE pressurizing 
system, 729, 732 
molten-fuel, 794 
Sampling, 725-794 
of NaK, 293 
of sodium, 293 
Sampling apparatus, alternate, 729, 731 
for D,O, 729, 731 
gas, 729, 732 
reflector, 729, 730 
Savannah River reactors, fuel- 
element design, 241 
Scanning, with periscopes, 893 
in mirror systems, 888 
Sealing of filters, 499 
Seals, 323-325 
frozen static, 323 
liquid trap, 324-325 
rotating, frozen, 323, 324 
rubber boot, 323, 324 
welded, 323-325 
wobble, 324-325 
Secondary coolant, arguments for and against, 
777-778 
ideal, properties of, 772 
mercury, 781-782 
sodium, 782, 784 
Secular equations for heavy isotopes, 516 
Seeing (see Viewing) 
Self-welding, 295 
metal-to-metal, 791 
Separators, vapor, in boiling reactors, 697 
Shaft bearings, 469, 471-472, 475 
Shaft seals, 469, 471-472, 475 
Shell absorption, and U** critical concentration, 
533, 534 | 
Shielding, Argonne Heavy Water Reactor, 1017 
Argonne Research Reactor, 1018 
Brookhaven Graphite Research Reactor, 999 
Bulk Shielding Reactor, 1012 
Chicago Pile No. 2, 994 
Experimental Breeder Reactor, 1025 
gamma (see Hot laboratories) 
Homogeneous Reactor Experiment, 1253 
Los Alamos Fast Reactor, 1025 
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Shielding, Los Alamos Water Boiler, 1033 
Low-Intensity Training Reactor, 1011 
Low-Power Research Reactor, 1031 
Materials Testing Reactor, 1007 
ORNL Graphite Reactor, 996 
Thermal Test Reactor, 1021 
by water immersion, 875-876 
by windows, 876 

Shutdown, nuclear reactor, 943 

Silicon, corrosion by NaOH, 842 

Silicon carbide, corrosion by NaOH, 847 

Silver, and alloys, corrosion in water, 212, 214 
corrosion by NaOH, 841, 843 

Silver-cadmium alloys, corrosion in water, 
212, 214 

Silver sulfate, solubility of, in uranyl sulfate, 

635-636 
in water, 635-636 

Single-channel equations, for two-phase-flow 
pressure drop in parallel channels, 78-80 

Single-cycle systems, 312 

Slowing down of neutrons, heat generated by, 111 

Slurries, aqueous, properties of, 659-662 
bentonite-stabilized, 662-663 
density of, 666-668 
heat transfer by forced convection, 665 
stable, 662-664 
thermal properties of, 665 
ThO,-D,O, 533 
thorium oxide, 669-670 

corrosive-erosive behavior of, 670 
radiation stability of, 670 
unstable, 670 
UOs, characteristics of, 661, 662 
U,O;, stable, 664 
uranium, 659-669 
uranium oxide, erosion behavior of, 668-669 
particle-size growth in, 661-663 
radiation stability of, 664-665 
stability of, 659-669 
under dynamic conditions, 659, 661 
viscosity of, 666-668, 747 

Sodium, density of, 850 
melting point of, 850 
physical properties of, 773 
thermal conductivity of, 850 
viscosity of, 850 

Sodium antimonate, corrosion by NaOH, 847 

Sodium chloride—uranium(II]) chloride system, 
constitution diagram of, 818 

Sodium chloride—uranium(IV) chloride system, 
constitution diagram of, 815 

Sodium fluoride, vapor pressure of, 839 

Sodium fluoride—uranium(IV) fluoride system, 
constitution diagram of, 812 

Sodium hydroxide, corrosion of ceramics by, 

846, 847 
corrosion of metals and alloys by, 840-847 


Sodium hydroxide, corrosiveness of, 840 


effect of impurities on, 846 
density of, 849, 850 
heat capacity of, 848 
irradiation of, 839, 840 
melting point of, 848, 850 
thermal conductivity of, 846, 850 
vapor pressure of, 849 
viscosity of, 849, 850 
Sodium hydroxide—rubidium hydroxide system, 
constitution diagram of, 822 
Sodium uranyl carbonate, preparation of, 607 
solubility of, 607, 612-614 
Sodium uranyl] tricarbonate—sodium bicarbonate — 
water system, solid phases of, 611 
solubility of, 611 
Solid-fuel reactors, heat dissipation in, 8-10. 
methods of heat removal, 7-8 
steady-state heat removal, 123-139 
(See also Cooling, of solid-fuel reactors) 
Solubility, of barium sulfate, in uranyl sulfate, 
633-634 
at 250°C, 633-634 
in water, 633 
of cadmium sulfate, in uranyl sulfate, 637-638 
in water, 637 
of ceric sulfate, in uranyl sulfate, 630-631 
in water, 630-631 
of cesium sulfate, in uranyl sulfate, 628-629 
in water, 628 
of gases, in water, 675 
of lanthanum sulfate, in uranyl] sulfate, 
625, 627 
in water, 625-626 | 
of molybdenum oxide, in aqueous uranyl 
sulfate, 622 
of multiple fission products, in 
aqueous uranyl sulfate, 622 
of 2Na,CO;-U0,COs, 617 
of plutonium fluoride, 620 
of plutonium nitrate, 621 
of plutonium phosphate, 620, 621 
of plutonium salts, 617, 620-621 
of plutonyl chloride, 621 
of plutonyl nitrate, 621 
of potassium uranyl tricarbonate, 607, 614 . 
of silver sulfate, in uranyl sulfate, 635-636 
in water, 635-636 
of sodium uranyl! carbonate, 607, 612-614 
of strontium sulfate, in water, 632 
of thorium nitrate, in water, 643, 645-646 
of UO,F,, in water, 591 
of UOs, in uranyl fluoride, 581, 589 
in uranyl sulfate, 560, 568-569 
in UO;-CO,-H,O-K,CO, system, 616 
of uranium, in bismuth, 746 
of uranyl sulfate, 555-565 
of yttrium sulfate, in uranyl sulfate, 623-624 
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Solubility, of zinc sulfate, in water, 639 
of zirconium sulfate, in aqueous uranyl] sulfate, 


Stainless steel, martensitic 400 series, corrosion 
in water, 215 


622 
Solutions, metal, free from radiation damage, . 
746 
Sonic flow, method of predicting, 76, 77 
Specific gravity, of UO,F, solutions, 591 
Specific heat, of air, 382, 389 
at constant pressure, 388 
at constant volume, 387 
of elements, 1044-1045 
of gases, 403 
of heavy liquid water, 24, 32 
of helium, 392, 394 
of light liquid water,. 22-23, 32 
Specific-heat ratio, 479 
for air, 402 
for carbon dioxide, 402 
for CH,, 402 
for CoH,, 402 
for hydrogen, 402 
for nitrogen, 402 
for oxygen, 402 
for water, 402 | 
Specific power, maximum, 697 
of reactor, 479 
Spheres, randomly packed, forced-convection 
heat transfer through, 50 
pressure drop for, friction factor in, 62, 63 
single-phase-flow, 62, 63 
Spherical reactors, two-region, 523, 533-538 
Split flow, 433 
Split-flow design, 463-465 
Stability, chemical, of uranyl fluoride solutions, 
581-593 
of uranyl sulfate solutions, 555-570 
of fuel elements, 451 
radiation, of uranium oxide slurries, 664-665 
of uranyl fluoride, 581 
of uranium oxide, 659-669 
under dynamic conditions, 659, 661 
Stack, gas velocity across, 486 
Stack design, 486 
Stack effluent, rise of, 484-485 
Stack parameters, 484 
Stainless steel, 451 
austenitic 300 series, corrosion in water, 
215, 217-219 
cleaning of, 794 
corrosion of, by Ba{OH)2, 848 
by LiOH, 848 
by NaOH, 841, 842 
by Sr(OH)., 848 
in water, 215-224 
decontamination of, 794 
ferritic 400 series, corrosion in water, 221 
heat-resistant, corrosion in water, 222 
high-alloy, corrosion in water, 222 
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precipitation-hardening, corrosion in water, 
221 
radioactivity in, 688 
(See also Steel) 
Stanton number, and Reynolds number, 430 
Static rupture, of brittle material, 171 
of ductile material, 171 
Stationary-fuel reactor, steady-state heat 
removal, 123-139 3 
Steam, dynamic viscosity of, 36 
Prandtl number for, 38 
thermal conductivity of, 34 
Steam cycles available for power generation, 
11-17 
compression process, 11 
expansion process, 12 
heat~-addition process, 11 
heat-rejection process, 12 
Steam evaporator, HRE, 735 
Steam-generating equipment, 779-780 
Steam generators, 337-344 
EBR superheater performance, 342 
over-all coefficients for KAPL units, 338, 341 
Steam plant efficiencies, 12-17 
Steel, carbon, corrosion in water, 214-221 
corrosion by NaOH, 841, 842 
low-alloy, corrosion in water, 214 
(See also Stainless steel) 
Stellites (see Cobalt alloys) 
Stepped labyrinth glands, 469 
Storage for helium decay, 498 
Straight-through design, 463-466 
of light liquid water, 24-25, 33 
of light-water vapor, 34 
in solid-fuel reactors, 7-20 
of steam, 34 
Strain analysis, 165-173 
Stress analysis, 165-173 
Stress equations, solution of, 694 
Stresses, pressure, formulas for, 694 | 
principal types of, 691 
and temperature distributions, for spheres, 
rods, tubes, and plates, 695 
thermal, 691 
Strontium hydroxide, corrosion of alloys and 
metals by, 848 
heat capacity of, 848 
melting point of, 848 
Strontium sulfate, solubility in water, 632 
Structural materials, corrosion of, 193, 194 
Supercritical pressure, heat transfer at, 52 
Supercritical reactors, methods of heat re- 
moval, 8 
SUPO (see Los Alamos Water Boiler) 
Surface tension, of UO,SO,-D,O system, 581, 
583-584 
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Surface tension, of UO,SO,-H,O system, 581, 
583-584 
of uranyl nitrate solutions, 600 
Sutton equation, 493 
nomograms for, 493-495 
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Tank assembly, HRE, 682 
Television, 903, 908 
Temperature, effect on reactor criticality, 548 
reactor, 477 
effect on U?® enrichment, 523, 532 
Temperature coefficient as control mechanism, 
106 
Temperature -coefficient power regulation, 
944-945 
Temperature differences, effect on power- 
reactor design, 13, 18 
Temperature distribution, clad fuel plate in 
flowing coolant, 147, 149 
clad fuel plate in stagnant coolant, 146-151 
in fuel plates, for arbitrary power distribu- 
tion, 152-164 
during exponential power rise, 145-149 
in solid-fuel reactors, 126-130 
and stresses, for spheres, rods, tubes, and 
plates, 695 
unclad fuel plate in stagnant coolant, 145-147 
Temperature-entropy diagram for helium, 395 
Temperature gradients, axial, 169 
Tensile stress in spherical reactor core vessel, 
696 
Thermal conductivity, of air, 382, 391 
of carbon dioxide, 398 
of elements, 1044-1045 
Eucken equation for, 406 
of gases, 400-401 
correlations for, 405 
of helium, 392, 394 
Thermal cycles, in gas-cooled reactors, 375- 
379 
Thermal decomposition, of uranyl nitrate, 593 
of uranyl nitrate solutions, 594, 597-598 
Thermal-gradient transfer, 295 
Thermal-neutron absorption cross section, of 
elements, 1044-1047 
of gas coolants, 480 
of helium, 496 
Thermal properties of slurries, 665 
Thermal reactors, control of, 805, 807 
fuel salts, 804 
fuel systems, 803, 809, 810 
hydrogenous fuels, 804, 809 
moderators, 803 
Thermal resistance, concept, 127 
formulae, 127, 129 
modified, 129-130 


Thermal shield, heat generation in, 118 
Thermal shock, 330 
Thermal shock shields, 327-333 
cyclic uniaxial stresses, 330 
thermal stresses in, from thermal gradients, 
327, 329 
estimate of, 329 
transient thermal gradients, 327 
Thermal stability of gas coolants, 480 
Thermal-strain analysis, 165-173 
Thermal stress, 451 _ 
and creep, 171 
cyclic, 170 
due to heat generation, 165-166 
effects of, 171 
on irregular shapes, 171 
and fatigue, 171 
and fatigue fracture, 170 
formulas, 165-168 
and fracture, 170 
general considerations of, 169-170 
from growth due to irradiation, 172 
in hollow tube, 167 
and irradiation effects, 172 
in long solid rod, 166 
magnitude of, 169-170 
in multiply connected body, 169 
nature of, 169 
nomenclature, 166 
in plate, 166-167 
in prismatical shapes, 168 
in reactor core structures, 169 
significance of, 170-171 
units, 166 
Thermal-stress analysis, 165-173 
methods of, 165-169 
of simple shapes, 166-167 
Thermal Test Reactor, 1021-1022 
design data, 1022 
fuel elements, 1021 
shielding, 1021 
Thermodynamic properties, of helium, 392- 
393 
of light and heavy water, 21-42 
ThO,-D,O slurry, constants for, 519 
Thorium, absorption cross section for, in fast 
region, 520 
and alloys, corrosion in water, 224 
build-up from, in blanket, 514 
concentration, 536-538 
liquid-metal dispersions of, 769, 770 
solubility of, in liquid metals, 751, 756 
in liquid metals and alloys, 751, 756 
Th? 514 
Th?*>, 514 
Thorium -bismuth-lead system, isothermal 
section of, 769, 770 
Thorium compounds, ionic, 769 
Thorium fluoride as breeder blanket, 804, 849 
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Thorium nitrate, aqueous, acidity of, 642 
activity coefficient of, 650 
boiling points of, 649, 651 
density of, 642, 647-648 
free energy of dilution of, 642, 652-654 
heat of dilution of, 642, 652-654 
osmotic pressure of, 650 
refractive indices of, 642, 651 
vapor pressure of, 642, 649-651 
work of dilution of, 642, 652-654 
corrosion by, 642 
heat of solution of, 642 
hydrolytic and phase stability of, 644 
radiation damage by, 642 
solubility in water, 643-646 
Thorium nitrate —water system, 642, 643-644 
Thorium oxide slurries, 669-670 
corrosive-erosive behavior of, 670 
radiation stability of, 670 
unstable, 670 
Thorium solutions in liquid metals, 751, 756 
Thorium —uranium-233 breeder reactors, 691 
Thrust bearing, 469, 475 
Time-dependent reactor behavior, 926, 928-932 
Tin—uranium system, 760-762 
phase diagram of, 761, 762 
Titanium, corrosion of, by NaOH, 842 
in water, 225 
Titanium carbide, corrosion by NaOH, 847 
Titanium carbide mixture, corrosion by NaOH, 
847 
Titanium nitride, corrosion by NaOH, 847 
Titanium oxide, corrosion by NaQH, 847 


Topography, effect on meteorology, 488, 491, 492 


Transfer function, reactor, 929, 931-932 
Transients, calculation of thermal response, 
161-164 
exponential temperature distributions, 145- 
152 
reactivity independent of power level, 141-143 


reactor power, 141-164 
Transitory conditions in meteorology, 488 
Triuranyl phosphate, crystal forms of, 617 
TTR (see Thermal Test Reactor) 
Tube banks, forced-convection heat transfer 
across, basic equations for, flow 
normal to axis, 47, 49 
flow parallel to axis, 47 
single-phase-flow pressure drop for, flow 
normal to axis, 62 
flow parallel to axis, 58, 60 
Tubes, hollow, thermal stress in, 181 
single-phase-flow pressure drop in, 55, 58- 
61 ‘ 
Tungsten, corrosion by NaOH, 842 
Tungsten carbide, corrosion by NaQH, 847 
Turning losses, 433-436 
in folded reactor, 464 
Two-group critical equation, 512 
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Two-liquid phase region, in acid-deficient 
systems, 555 
in acid-rich solutions, 555 
in uranyl fluoride solutions, 581, 589 
in uranyl sulfate solutions, 555 
Two-region reactors, 512-513 


U 


UF, fuel, 746 
UOQ3-CO,-H,O-K,COs system, density in, 616 
solubility in, 616 
UO. F,-HF-H,O system, 581, 589, 590 
densities in, 592 
UO;-HNO,-H,O system, density of, 601 
UO,°H,O, polymorphic forms of, 594 
UO. (NO3).-HNO,-H,O, density of, 599 
UO,(NO3).-HNO;-H,SO,-H,O system, density of, 
599, 602 
Uranium, corrosion in water, 225 
constants for, 516 
dispersions of, 758-769 
intermetallic-compound, properties of, 760 
ionic-com pound, properties of, 768, 769 
isotopes of, higher, 545 
solubility of, in bismuth, 746 
in liquid bismuth-lead, 754 
in liquid metals and alloys, 751, 752 
us breeding, one-region reactor for, 523 
two-region reactors for, 536 | 
conversion, one-region reactor for, 523 
two-region reactors for, 533-542 
producers, constants for, 519 
in blanket, core fed with, 517 
u?*, 517 
u2*!, 514 
Uranium-aluminum system, phase diagram of, 
765, 767 
Uranium-bismuth solutions, 751, 755, 789 
corrosion of container materials by, 751 
Uranium -cadmium system, 766 
Uranium-calcium system, 760, 766 
Uranium-cerium system, 760, 766 
Uranium(II]) chloride, phase studies of, 810, 
817-818 
Uranium(IV) chloride, phase studies of, 810, 
815-816 
Uranium chlorides (see Reactor fuels, fused- 
salt, and under specific compounds and sys- 
tems) 
Uranium compounds, solubility in hydroxides, 
835-837 
suspensions in hydroxides, 837 
u?* diluent, 518 
Uranium (IV) fluoride, vapor pressure of, 839 
Uranium fluorides, phase studies of, 809 
(See also Reactor fuels, fused-salt, and under 
specific compounds and systems) | 


Uranium oxide, conversion ratio, 523, 530 
critical enrichment of, 523, 530 
crystallography of, 661 

Uranium (VI) oxide, solubility in hydroxides, 

835-837 
suspensions in hydroxides, 837 


Uranium oxide—phosphoric acid—water system, 


thermal stability of, 617, 618 
Uranium oxide slurries, erosion behavior of, 
668-669 
particle-size growth in, 661-663 
radiation stability of, 664-665 
U,O,;, stable, 664 
Uranium oxide—sodium carbonate —water 
system, solid phases of, 610 
solubility of, 610 
Uranium peroxide, decomposition in solution, 
kinetics of, 574 
formation in fissioning solutions, 574 
solubility of, 574 
Uranium slurries, 659-669 
Uranium solutions, fission-product activity of, 
124 
in liquid metals, 751-755 
Uranium trioxide, preparation of, 661 
slurry characteristics, 661, 662 
solubility of, 560, 568-569 
in uranyl fluoride, 581, 589 
Uranyl carbonate, complexes, 607 
gas and peroxide production of, 615, 616 
preparation of, 606 
radiation stability of, 607, 615-616 
solubility of, 607 
Uranyl carbonate —sodium carbonate —water 
system, solid phases of, 607-609 
solubility of, 607-609 
Uranyl complexes, new complex sodium- 
uranyl-carbonates, 607 
uranyl-metal-carbonates, 607 
Uranyl fluoride, acid-rich system, 585, 589, 
590 
acidity of, 585, 591 
heat capacity of, 585 
hydrolysis of, 581 
radiation stability of, 585 
solubility of, 581-588 
in water, 591 
solubility of UO, in, 581, 585, 589 
two-liquid phase region, 585, 589 
Uranyl fluoride solutions, density of, 592, 593 
specific gravity of, 591 
Uranyl ion, reduction of, 560 
Uranyl nitrate, anhydrous, preparation of, 593 
conversion ratio, 523, 531 
critical enrichment of, 523, 531 
density in H,O, 594, 599, 600 
dissociation in solution, 593 
heat of decomposition of, 593 


INDEX 


Uranyl nitrate, hydrated, boiling points of, 594 
melting points of, 594, 595 
solubility in water, 594, 595 
thermal decomposition pressures of, 593 
Uranyl nitrate hexahydrate, heat capacity of, 
603 
solid, heat capacity of, 599, 603 
Uranyl nitrate solutions, containing sulfuric 
and nitric acids, density of, 599, 602 
density of, 594, 599-602 
heat capacities of, 599, 602-604 
heats of dilution of, 604-606 
heats of solution of, 604-606 
hydrolysis above 250°C, 594 
stability at high temperatures, 594, 596 
surface tension of, 600 
thermal decomposition of, 594, 597-598 
viscosity of, 600 
Uranyl phosphate, properties of, 615 
Uranyl sulfate, heat of solution of fission 
products in, 622 
hydrolysis of, 560, 566-570 
properties of, 560, 574 
reduction of uranyl ion, 560 
solubility of, in D,O, 555 
in H,O, 555-556 
solubility in, of barium sulfate, 633-634 
at 250°C, 633-634 
of cadmium sulfate, 637-638 
of ceric sulfate, 630-631 
of cesium sulfate, 628-629 
of lanthanum sulfate, 625, 627 
of molybdenum oxide, 622 
of multiple fission products, 622 
solubility in, of silver sulfate, 635-636 
of UOs, 560, 568-569 
of yttrium sulfate, 623-624 
of zirconium sulfate, 622 
Uranyl tricarbonate ion, dissociation constant 
of, 607 
evidence for, 607 


V 


Valves, 359, 717-720, 791, 793 
corrosion-resistant, 717 
leakproof, 717 
radiation-resistant, 717 

Valves and fittings losses, pressure-drop sys- 
tem calculations for, 69, 71 

Vanadium, corrosion by NaOH, 842 

Vapor pressure, of aqueous thorium nitrate, 

642, 649-651 

of heavy liquid water, 30 
of light water, 41 

Vapor traps, 294 
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Velocity, of regulating rods, 935 
of safety rods, 933 
of shim rods, 934 | 
Velocity distribution, for gases, 414, 415 
in triangular passages, 440 
Velocity head, of water, 64, 65 
Velocity-head concept of pressure drop, 62, 
64-71 | 
Vessels, neutron absorbers in, 721 
Viewing, basic techniques of, 875 
through periscopes, 890, 891 
requirements in, 875 
by simple reflection, 888-889 
by television, 903, 908 
of underwater objects, 875-876 
through windows, 876-889 
(See also Hot laboratories) 
Viscosity, of air, 382,°391 
empirical correlation for, 406-407 
of carbon dioxide, 398 
empirical correlation for, 406-407 
of gases, 399, 404 
effect of pressure on, 405 
of gases, empirical correlations for, 406-407 
of helium, 392, 394 
empirical correlation for, 406-407 
of slurries, 666-668, 747 
of UO,8O,-D,0 system, 575, 579-580 
of UO,SO,-H,O system, 575, 579-580 
of uranyl nitrate solutions, 599, 600, 602 
Vitallium, corrosion by NaOH, 841 
Volume, of heat-transfer passages, in reactor, 
480 


Ww 


Water, decomposition of, 560, 707 
by fast neutrons, 674 
by fission fragments, 674 
by fissioning solutions, 560, 571 
by gamma rays, 674 
by radiation, 673-678 
effect of pressure on, 675, 677 
- effect of temperature on, 677-678 
and steady-state pressure, 675 
effect of temperature on, 677-678 
density of, 850 
heavy, critical properties of, 22 
latent heat of vaporization of, 31 
liquid, density of, 30 
dynamic viscosity of, 27, 35 
specific heat of, 24, 32 
vapor pressure of, 30 
physical and thermodynamic properties of, 
21-42 
(See also Heavy water) 
ionization of, 176-177 
light, critical properties of, 22 
density of, 39-40 
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Water, light, heat-transfer coefficient for, 47, 49 
liquid, dynamic viscosity of, 26-27, 35 
Prandtl number for, 28-29, 37 
specific heat of, 22-23, 32 
thermal conductivity of, 24-25, 33 
physical and thermodynamic properties of, 
21-42 
vapor pressure of, 41 
(See also Light water) 
properties of aqueous moderators, 6738-678 
reaction with alkali metal, 301, 306 
specific-heat ratio for, 402 
thermal conductivity of, 850 
thermal properties of, 678 
velocity head of, 64, 65 
for viewing, 875-876, 878 
viscosity of, 850 
Water activity, calculation of, 235-238 
Water corrosion (see Corrosion, in water) 
Water decomposition, 175-191 
Argonne Heavy Water Reactor, 188-190 
back reaction, 176 
Water holes, effect on flux distribution, 103, 
104-105 
Water vapor, light, dynamic viscosity of, 36 
Prandtl number for, 38 
thermal conductivity of, 34 
Wave-shaped plates, 438-440 
Weld, bellows, 791 
Welding, 458 
Wilkins effect, 109 
Wind, variation of, 491, 492 
Wind-tunnel tests, 485 
Windows, applications of, 876-877 
defects of, 877-878 
shielding, 876 
construction of, 885-889 
design of, 881, 885 
materials for, 878-884 
Work in pumping coolants, 477 
Work of dilution, of aqueous thorium nitrate, 
642, 654 
Worthite, corrosion by NaOH, 842 
(See also Iron alloys) 
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X-10 (See ORNL Graphite Reactor) 
Xenon, equilibrium concentration in homogene- 
ous reactor, 622 
growth in reactor, 622 
x! removed by gas sparging, 747 


Y 


Yttrium sulfate, solubility of, in uranyl sulfate, 
623-624 
in water, 623 


INDEX 


Z Zirconium, corrosion of, by NaOH, 841, 843 
by Sr(OH)2, 848 

Zinc bromide solution, 878-880 in water, 225, 228-230 
Zinc fluoride, vapor pressure of, 839 effect of impurities on, 228 
Zinc oxide, corrosion by NaOH, 847 unalloyed, corrosion in water, 228 
Zinc sulfate, solubility in water, 639 Zirconium carbide, corrosion by NaOH, 847 
Zircaloy 1, 229 Zirconium fluoride, vapor pressure of, 839 
Zircaloy 2, 229 Zirconium oxide, corrosion by NaOH, 846, 847 
Zirconium, alloyed, corrosion in water, 228- Zirconium shell, 523, 533 

229 Zirconium sulfate, solubility in aqueous uranyl 

corrosion of, by Ba(OH).,, 848 sulfate, 622 
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